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sTRACT  results  have  evolved  which  represent  our  most  significant  accomplishments. 

First,  perfection  and  successful  operation  of  our  hydrostatic  extrusion  press  has  lead 
to  our  ab'lity  to  extrude  ductile  materials*  up  to  a reduction  f*atio  of  400  : 1 (e  = 6) 

and  s emi-brittle  materials  up  to  reductions  of  60  : 1. 

* We  have  extruded  aluminum  with  small  percentages  of  Fe  to  area  reductions  of  up  to 
400  to  1.  Extruded  samples  have  shown  remarkably  high  yield  strengths;  for  example, 
an  Al-.5%Fe  material  has  a 3'ield  strength  of  approximately  30  ksi.  A fine  subgrain 
structure  is  generated  and  captured  by  quenching  immediately  after  extrusion. 

**  Our  studies  here  have  centered  on  the  fabrication  of  sviperconducting  wire  (Nb^Sn) 
and  on  producing  high  strength  steel  wire.  The  Nb3Sn  was  processed  by  a method  de- 
veloped at  the  Lawrence  Berkeley  Laboratory.  Tin  infiltrated  into  porous  niobium 
compacts  were  hydrostatically  extruded  without  apparent  damage  to  the  infiltrated  | 

core.  A low  alloj^ed  bearing  steel  (52100)  was  successfully  extruded  60  to  1 in  eight 

passes  with  n sign  of  cracking. 

Second,  initiation  of  theoretical  studies  on  the  extrusion  process  have  led,  for 
the  first  time,  to  applying  elastic-plastic  theory  to  analyze  the  process  of  extrusion. 
Until  now  the  majority  of  analytical  work  has  been  done  using  rigid-plastic  theory. 
Although  this  can  be  of  great  value  in  calculating  upper  and  lower  bounds  on  such 
things  as  power  requirements,  one  must  consider  the  materials' elastic  properties  in 
order  to  calculate  and  predict  residual  stresses.  We  have  successfully  completed  the 
axi-symetric  case  for  extrusion  with  smooth  dies.  One  very  important  result  of  this 
solution  is  the  generated  residual  stress  distribution  in  the  extrudate. 
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INFLUENCE  OF  HIGH  HYDROSTATIC  PRESSURE  EXTRUSION 


MECHANICAL  BEHAVIOR  OF  MATERIALS 


Introduction  and  Summary 

Hydrostatic  extrusion  is  a promising  new  metal  working  technique.  In 
hydrostatic  extrusion  a large  hydrostatic  pressure  is  superimposed  on  the 
stress  field  that  normally  develops  during  extrusion.  As  a result,  materials 
difficult  or  impossible  to  extrude  by  the  conventional  extrusion  process 
can  be  extruded  hydrostatically.  Rirther,  there  is  evidence  that  materials 
formed  by  hydrostatic  extrusion  exhibit  superior  mechanical  properties 
compared  to  similar  materials  worked  by  conventional  techniques.  At  the 
present  time  hydrostatic  extrusion  is  not  being  applied  extensively  to 
technological  applications  in  this  country  (considerably  more  work  is 
being  done  in  Europe  and  Japan) . A pilot  project  to  hydrostatically 
extrude  copper  into  wire  has  been  started  by  Western  Electric  and  this 
particular  operation  appears  promising.  Surprisingly,  the  basic  under- 
standing of  the  hydrostatic  extrusion  process,  both  from  the  theoretical 
mechanics  point  of  view  and  from  the  standpoint  of  materials  science. 


remains  in  quite  a primitive  state. 


The  present  program  is  centered  on  an  experimental  and  analytical 


study  of  hydrostatic  extrusion.  The  experimental  aspects  are  described 
in  the  first  section  of  this  progress  report.  In  the  second  section  we 
describe  the  basis  for  an  elastic-plastic  code  as  a means  of  assessing 
metal  forming  operations.  This  analytical  approach  is  unique  and  promises 
to  be  a very  powerful  tool  in  analyzing  the  extrusion  process.^ 
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A.  OPERATION  AND  MAINTENANCE  OF  THE  HYDROSTATIC  EXTRUSION  MACHINE 
by  Robert  T.  Whalen  and  David  L.  Bourell 

For  the  most  part  the  hydrostatic  extrusion  machine  (Figure  1)  has 
been  operating  without  problems  over  the  last  year.  However,  we  decided 
that  several  modifications  to  the  extrusion  machine  would  result  in  a 
more  effective  machine  operation  and  better  properties  of  the  extruded 
material.  These  changes  are  discussed  below. 

(1)  Installation  of  Auxiliary  Pump 

One  major  alteration  to  the  machine  was  necessary.  When  testing 
the  high  pressure  system,  a problem  arose  which  required  the  addition  of 
an  auxiliary  pump  to  maintain  constant  extrusion  chamber  containment 
pressure.  The  problem  never  surf acai  during  testing  with  the  low  pressure 


system  because  the  containment  pressures  and  extrusion  pressures  are 
balanced  when  line  pressure  to  both  the  Intensifier  and  extrusion  piston 
are  the  same,  l.e.,  when  both  are  at  system  pressure.  However,  reducing 
the  extrusion  chamber  diameter  by  a factor  of  two  (from  3/4"  to  3/8") 
while  maintaining  equal  line  pressures  to  intensifier  and  piston  doubles 
the  clamping  pressure  on  the  liner  but  quadruples  the  extrusion  pressure. 
Therefore,  to  maintain  the  balance  between  the  two,  the  line  pressure  to 
the  extrusion  piston  must  be  reduced  to  half  the  intensifier  pressure. 

The  present  hydraulic  system  is  not  equipped  to  reliably  hold  two  separate 
pressures  simultaneously.  Because  the  volume  of  oil  being  compressed  on 
the  high  pressure  side  of  the  intensifier  is  so  small,  normally  insignificant 
leaks  at  check  valves  and  solenoid  valves  are  causing  the  intensifier 
pressure  to  drop  gradually  to  system  pressure,  i.e.,  extrusion  piston 
pressure . 


In  discussions  with  Revere  Copper  and  Brass  we  concluded  that  success 
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loiild  only  be  r.in t e<'d  if  wp  wpnr  to  a system  utilizing  two  hydraulic 


pumps,  both  with  a 3,000  psi  maximum  output.  The  large,  high  output  pump 
would  operate  the  extrusion  piston  as  well  as  initially  charge  the  intenslfier. 

The  function  of  the  second  pump  would  be  to  counter-balance  the  effects 
of  the  leaks  and  maintain  a constant  3.000  psi  Intensifler  line  pressure 
during  extrusion.  The  smaller  fiump  was  added  to  the  hydraulic  system  and 
the  intensifler  is  now  holding  the  proper  pressure  during  extrusion. 

(2)  Installation  of  Rapid  Quenching  System  | 

In  order  to  maximize  the  mechanical  properties  and  maintain  a highly  • 

worked  structure,  we  thought  it  necessary  to  develop  a quenching  system.  j 

) 

Without  some  method  of  cooling,  the  high  material  temperatures  caused  by  j 

the  adiabatic  heating  could  result  in  recovery  and  recrystallization. 

Therefore  we  designed  and  fabricated  quenching  systems  for  both  direct  | 

and  indirect  extrusion  which  effectively  quench  the  extruded  material 
Immediately  on  exit  from  the  die. 

As  shown  in  Figure  2 the  system  is  best  represented  as  two  concentric 
tubes  leading  from  the  die  and  extrusion  chamber  to  the  outside.  Liquid 
enters  the  machine  and  flows  down  the  annualar  region  between  the  two 
tubes  to  the  die.  At  the  die.  holes  are  provided  to  spray  the  emerging 
extrusion  with  liquid.  Liquid  and  extrusion  then  exit  together  through 
the  central  tube.  A quenching  system  for  the  indirect  mode  was  somewhat 
more  difficult  to  achieve.  Conceptually  the  two  designs  are  similar,  but 
for  the  Indirect  mode  it  was  necessary  to  deliver  water  to  the  exit  of  a 
moving  die  in  the  interior  of  the  machine.  Again  the  idea  of  concentric 
tubes  was  used;  but  in  this  case  a long  tube  had  to  pass  through  a special 
anvil,  then  down  through  the  die  stem  to  the  die  face.  As  before  quenching 
fluid  flows  down  the  outside  of  the  Inserted  tube  to  the  die  face,  then 
exists  with  material  through  the  tube  center.  ; 
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This  method  of  quenching  the  extruded  billet  proved  to  be  very 
successful.  The  results  of  our  tests  on  conductor  grade  aluminum 
revealed  that  a very  highly  worked  state  could  be  preserved  by  such 
quenching  techniques.  The  results  of  this  work  will  be  described  later 
in  the  report. 

Also  present  work  is  being  planned  to  check  if  the  quenching  system 
prevents  dynamic  recrystallization  during  extrusion  and  also  to  study  the 
magnitude  of  strengthening  developed  by  quenching  at  the  die  face. 

(3)  Design  Considerations  for  Warm  and  Hot  Hydrostatic  Extrusion 

Another  goal  is  to  develop  capabilities  for  warm  and  hot  extrusions. 
Our  hydrostatic  extrusion  machine  was  not  designed  specifically  for  warm 
extrusion,  but  we  hope  someday  to  develop  techniques  to  allow  extrusions 
approaching  1000°C  at  pressures  of  250,000  psi. 

Our  first  precaution  must  be  to  Insure  against  overheating  of  the 
hydraulic  oil  and  loss  of  strength  in  the  die  jackets.  At  higher 
temperatures,  heat  retention,  thermal  shock,  thermal  expansion  and 
selection  of  material  hydrostatic  medium  and  lubricant  are  all  factors 
which  may  be  problematic. 

We  considered  both  internal  and  external  heating  of  the  billet. 

The  alternative  to  heat  externally  and  quickly  transfer  billet  and 
hydrostatic  medium  offered  the  best  chance  for  immediate  success. 
Therefore,  our  efforts  have  concentrated  on  perfecting  this  system. 

Figure  3 Illustrates  the  modifications  of  the  present  system  to  accomo- 
date warm  extrusion  (200-750°C) . As  can  be  seen  in  the  figure,  we  have 
combined  the  3/8"  die  stem  and  the  die  stem  guide  assembly  with  the  3/4" 


extrusion  chamber, 
extrude  3/4"  billets 
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necessary  for  protection  of  the  die  jackets  during  elevated  temperature 


extrusion.  If  this  system  eventually  works  well,  we  plan  to  have  different 
die  jackets  machined  with  larger  bore  diameters. 

Our  initial  attempts  have  not  yet  led  to  successful  extrusions. 

The  fact  that  the  glass  insulating  sleeves  (No.  2 in  Figure  3b)  have  so 
far  withheld  the  pressures  for  extrusion  provides  some  encouragement. 

We  first  encountered  problems  in  material  transfer  from  furnace  to 
extrusion.  Once  these  were  solved  we  still  could  not  extrude  material. 

Dave  Bourell,  a graduate  student,  modelled  the  extrusion  chamber  and  wrote 
a computer  heat  flow  program.  Results  from  it  indicate  that  even  with  pre- 
heating of  the  extrusion  chamber,  we  will  encounter  difficulties  related  to 
the  rapid  cooling  of  the  billet  and  fluid  once  these  are  Inserted  into  the 
chamber. 

Figure  4 plots  billet  centerline  temperature  vs.  time  once  the  heated 
billet  has  been  Inserted  into  the  extrusion  chamber.  Initial  billet  temper- 
ature was  600°C.  As  an  example,  after  10  seconds  billet  temperature  has 
dropped  from  600“C  to  ISO'C.  Even  pre-heating  the  chamber  to  300°C  gains 
very  little  - billet  temperature  still  drops  to  400°C  (see  Figure  5). 

We  plan  to  return  to  this  problem  in  the  future  but  for  the  present 
room  temperature  extrusions  are  providing  us  with  enough  material. 

( 4 ) Improved  Die  Design 

Die  breakage  was  an  occasional  problem  which  has  been  completely 
eliminated  by  the  introduction  of  a new  die  design.  In  our  hydrostatic 
extruder  the  die  acts  both  as  a reduction  orifice  for  extruding  and  as 
a seal  for  the  pressure  transmitting  medium.  For  proper  operation  the 
original  design  required  close  tolerances  on  the  extrusion  liner  and  die 
outside  diameter.  An  undersized  die  might  leak  and  an  oversized  die 
would  develop  high  friction  forces  during  indirect  extrusion.  Although 
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the  oxtrusioti  1 i ntf  does  provide  some  clamplnR  force  on  the  die  with  t'.e 
old  design,  this  was  often  insufficient  and  die  failure  resulted. 


To  solve  these  problems  we  developed  the  die  as  shown  in  Figure  6. 

In  our  design  the  die  is  smaller  than  the  extrusion  liner  by  .004  - .006" 
on  the  radius,  and  a seal  is  formed  through  compression  of  a copper  ring 
at  the  die  orifice.  Since  the  die  no  longer  contacts  the  liner,  close 
tolerances  are  unnecessary  and  changes  in  liner  dimensions  do  not  require 
re-machining  or  plating  of  the  dies.  The  thin  annular  ring  of  fluid 
between  die  and  liner  now  provides  optimum  die  containment  pressure. 
Additional  containment  is  provided  by  the  copper  ring.  The  fact  that  the 
die  slips  easily  off  the  extruded  billet  is  evidence  of  the  effectiveness 
of  the  copper  rings  ability  to  hold  the  die  orifice  in  compression  during 
extrusion.  In  the  last  year  of  operation,  we  have  not  broken  a die. 


Figure  1.  The  above  photograph  shows  the  hydrostatic  extruder  in  its  present 

location.  Both  the  hydrostatic,  control  panel  and  protection  barrier 
are  visible  in  the  background.  The  barrier  is  properly  positioned 
for  the  direct  extrusion  mode. 


Time  (sec) 

Figure  5.  Computer  generated  results.  Cooling  rate  for  a 600  'C  extrusion  billet 
inserted  into  the  extrusion  chamber.  The  graph  represents  the  billet 
centerline  temperature.  Extrusion  chamber  was  preheated  to  300  ’C. 


Copper  Ring 


Die  Stem 


Billet 


Copper  Ring 


Figure  6.  Modified  die  design 
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HYDROSTATIC  EXTRUSION  OF  SELECTED  MATERIALS 


[ 

i 


We  are  presently  using  the  hydrostatic  extrusion  machine  to  pursue 
several  independent  research  directions  at  Stanford.  Experimental  work 
at  Stanford  has  concentrated  on  the  extrusion  and  testing  of  electrical 
conductor  (EC)  grade  aluminum  with  small  additions  of  iron  (.05  W/%  - 0.  5 W%  Fe) . 
This  work  has  demonstrated  the  capability  of  fabricating  very  strong  EC  grade 
aluminum  wire.  In  addition  to  the  aluminum  work, we  have  assisted  the 
Berkeley  group,  led  by  Professor  M.  R.  Plckus,  in  their  studies  on  the 
processing  of  A15  superconductor  wire. 

The  remaining  projects  are  briefly  summarized  to  indicate  the  various 
directions  of  the  Stanford  program.  Also,  for  the  most  part,  these  studies 
have  only  recently  begun,  and  very  little  analyzed  data  is  available  to  report. 

( 1)  Electrical  Conductor  Grade  Aluminum 

Aluminum  wire  became  a substitute  for  copper  wire  in  electrical  applica- 
tions in  about  1954.  The  major  reason  for  this  change  was  due  to  the  high 
cost  of  copper.  The  low  strength  of  electrical  conductor  grade  aluminum, 
however,  has  been  a problem  ever  since. 

There  have  been  extensive  efforts  to  develop  strong  electrical  conductor 
grade  (EC  Grade)  aluminum.  The  electrical  conductivity  of  aluminum  is  more 
than  twice  that  of  copper  on  an  equal  weight  basis  and  it  is  also  less 
expensive.  In  many  applications  a major  disadvantage  of  EC  grade  aluminum 
is  its  low  strength. 

EC  aluminum  can  be  strengthened  by  alloying  it  with  small  amounts  of 
highly  insoluble  elements  which  form  Intermetallics  which  do  not  increase 
the  electrical  conductivity  as  much  as  elements  that  go  into  solution. 
Strengthening  can  also  be  obtained  by  thermo-mechanical  processing  with 
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little  effect  on  the  conductivity  of  EC  alurainum. 

Because  of  the  requirement  of  high  conductivity,  the  alloy  additions 
were  usually  limited  to  within  one  percent.  As  mentioned  earlier  solid 
solution  alloys  show  lower  conductivities  than  alloys  whose  alloying  elements 
exist  as  precipitates.  Table  I shows  the  effect  of  elements  on  the  resistivity 
of  aluminum. 


I 

[ 

f 

I- 

I 

F 
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TABLE  I 


Element 

Maximum 
solubility 
in  Al,  % 

Average  Increase  in  resistivity 
per  wt.  %,  microhm-cm 

In  solution  Out  of  solution  (a) 

Chromium  

0. 

,77 

4.00 

0.18 

Copper  

5. 

,65 

0.344 

0.030 

Iron 

0, 

.052 

2.56 

0.058 

Lithium  

4. 

,0 

3.31 

0.68 

Magnesium  .... 

14. 

,9 

0.54  (b) 

0.22(b) 

Manganese 

....  1, 

.82 

2.94 

0.34 

Nickel  

0, 

.05 

0.81 

0.061 

Silicon  

1. 

,65 

1.02 

0.088 

Titanium  

....  1. 

.0 

2.88 

0.12 

Vanadium  

....  0. 

,5 

3.58 

0.28 

Zinc 

. . . .82. 

,8 

0.094  (c) 

0.023  (c) 

Zirconium  .... 

. . . . 0. 

,28 

1.74 

0.044 

Add  above  increase  to  the  base  resistivity  for  high-purity  aluminum,  2.65 
microhm-cm  at  20  C (68  F)  or  2.71  microhm-cm  at  25  C (77  F) . 

(a)  Limited  to  about  twice  the  concentration  given  for  the  maximim  solid 
solubility,  except  as  noted,  (b  ) Limited  to  approximately  10%.  (c)  Limited  to 
approximately  20%. 

Source:  L.  A.  Willey,  Alcoa  Research  Laboratories 

TABLE  I.  Effect  of  Elements  In  and  Out  of  Solid  Solution  on  the 
Resistivity  of  Aluminum. 


To  take  an  appropriate  example,  iron  increases  the  resistivity  of  aluminum 
2.56  microhm-cm/wt  % in  solution  but  only  0.058  microhm-cm/wt  % when  out  of 
solution.  Therefore,  alloy  additions  mist  be  chosen  which  have  a very  limited 
solid  solubility  and  form  very  stable  precipitates  which  will  not  dissolve  or 
coarsen  during  processing. 
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Once  the  composition  has  been  fixed,  the  strength  of  the  alloy  is  solely 

dependent  upon  the  wire  processing.  Because  of  the  high  stacking  fault  energy, 

alumimum  can  easily  develop  well-defined  subgrains  during  deformation  even  if 

the  working  temperature  is  relatively  low  (such  as  0.3-0. 4 T^) • Ball^^^  and 

(2) 

Lake  showed  that  an  Increase  in  the  yield  strength  of  polycrystalline  and 
single  cryatalllne  alumimum  is  achieved  by  decreasing  the  subgrain  size.  There- 
fore, the  production  of  a fine  and  stable  subgrain  structure  is  the  main  concern 
in  the  processing  of  alumiumum  electrical  conductor  wire.  Two  different 
processes,  multi-step  wire  drawing  and  hydrostatic  extrusion,  have  been 

(3  4) 

developed  to  increase  the  strength  of  wire  by  decreasing  the  subgrain  size  ’ 
Hydrostatic  extrusion  can  prevent  microvoids  from  forming,  and  can  potentially 
eliminate  pre-existing  defects,  such  as  pores  and  cracks.  In  addition,  the 


ductility  of  the  material  can  be  increased  by  the  high  superimposed  hydrostatic 
pressure^^^.  Large  amounts  of  cold  deformation  can  be  accomplished  in  a single 


step  with  hydrostatic  extrusion.  Reduction  ratios  of  as  high  as  1000  to  1 
have  been  successfully  achieved  with  commerically  pure  alumimum^^^But  with 
wire  drawing,  large  amounts  of  deformation  can  only  be  achieved  by  milti-step 
drawing  with  intermediate  annealing.  It  has  been  reported  that  hydrostatically 
extruded  wire  has  superior  mechanical  properties  to  cold-drawn  wlrel^^ 


(1)  C.  J.  Ball,  The  Flow  Stress  of  Polycrystalline  Aluminum,  Phil.  Mag.,  2, 
1957,  p.  1011. 

(2)  J.  S.  H.  Lake,  Substructure  Strengthening  in  Aluminum.  Trans,  of  ASM,  61, 
1968,  p.  829. 

(3)  D.  Kalish,  Subgrain  Strengthening  of  Aluminum  Conductor  Wires,  Met.  Trans. 
6A,  1975,  p.  1319. 

(4)  P.  F.  Hettwer,  Alumimum  Wire  by  Cold  Hydrostatic  Extrusion.  Trans,  of 
ASME,  1969,  p.  822. 

(5)  H.L.D.  Pugh,  The  Mechanical  Behavior  of  Materials  under  Pressure, 

Elsevier,  1970. 

(6)  H.  Hero  and  J.  A.  Mikkelsen,  Mechanical  and  Structural  Properties  of 
Hydrostatically  Extruded  Aluminum  and  Aluminum  Alloys,  J.  of  Inst,  of 
Metals,  97,  1969,  p.  18. 

(7)  P.  F.  Hettwer,  Alumimum  Wire  by  Cold  Hydrostatic  Extrustion,  Trnas.  of 
ASME,  1969,  p.  822. 
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the  tiydroslat ical 1 y extruded  wire.  Kfforls  to  develop  continuous  hydrostatic 
extrusion  have  been  pursued  during  recent  years.  If  and  when  this  process 
is  available  and  refined,  its  potential  for  wire  production  will  be  signifi- 
cant. 

The  initial  rod  condition  has  been  demonstrated  to  have  a significant 

/Q\ 

effect  on  the  subsequent  strength-subgrain  relationship  in  drawn  wires'" 
Equivalent  experiments  have  not  been  done  on  hydrostatically  extruded  aluminum. 
We  believe  that  the  initial  rod  condition;  that  is,  the  prior  thermal  treatment, 
might  influence  the  properties  of  hydrostatically  extruded  wire.  This  investi- 
gation was  undertaken  in  order  to  understand  some  of  the  factors  which  affect 
subgrain  formation  and  mechanical  behavior  of  aluminum  hydrostatically  ex- 
truded to  large  strains  (l.e.,  greater  than  100%). 


8.  H.  Hero  and  J.  A.  Mikkelsen,  Mechanical  and  Structural  Properties  of 
Hydrostatically  Extruded  Aluminum  and  Aluminum  Alloys,  J.  of  Inst,  of 
Metals,  97,  1969,  p.  18. 
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INTRODUCTION 

The  strength  of  pure  aluminum  can  be  increased  by  alloying  it  with  a small 
amount  of  Iron.  The  maximum  solubility  of  iron  in  aluminum  is  approximately  .05% 
by  weight  (Figure  1).  By  solution  heat  treating  at  6A0°C  (1184°F)  and  water 
quenching  an  aluminum  alloy  supersaturated  with  iron  is  formed.  This  supersaturated 
alloy  can  then  be  cold  worked  to  large  strains  to  produce  a high  dislocation  density. 
Heat  treatment  of  this  material  should  then  cause  fine  subgrains  to  form  and  at  the 
same  time  the  excess  iron  in  solution  is  forming  Al^Fe  precipitates.  The  Al^Fe  pre- 
cipitates should  pin  the  subgrains  as  they  form,  thereby  strengthening  the  aluminum 

to  a greater  extent  than  if  the  iron  remained  in  solution. 

(1  2) 

Kalish  and  Le^eVre  ’ have  produced  an  EC  grade  aluminum  wire  with  fine  sub- 
grains by  large  strain  deformation  using  a multistep  wire  drawing  process.  In  the 
following,  papers  we  will  disctiss  the  production  of  fine  subgrains  by  large  strain 
deformation  using  a single  step  hydrostatic  extrusion  process.  It  will  be  shown  that 
such  a process  will  lead  to  strong  EC  grade  aluminum  wire. 

EXPERIMENTAL  PROCEDURE  AND  MATERIALS 
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(a)  Hydrostatic  extrusion  is  a metal  working  operation  that  consists  of  forcing 
metal  through  a die  as  in  conventional  extrusion  but  with  the  addition  of  a super- 
imposed hydrostatic  pressure.  A schematic  representation  of  metal  forming  with  hydro- 
static pressure  is  shown  in  Figure  2.  A cross-sectional  drawing  of  Stanford's  hydro- 
static extrusion  machine  is  given  in  Figures  3 and  4 for  comparison.  The  term  hydro- 
static extrusion  is  actually  a misnomer  since  material  under  hydrostatic  pressure  only 
undergoes  a volume  change,  i.e.,  no  shear  deformation.  For  material  to  flow  through 

a die  during  extrusion,  shear  deformation  must  take  place.  Thus,  in  the  region  of 

(3) 

the  die,  the  billet  is  in  a complex  stress-strain  state  . The  basic  idea  behind 
tiydrostatic  extrusion  is  the  minimization  of  the  tensile  stress  component  in  the  die 
region  by  the  superposition  of  a high  hydrostatic  compressive  stress.  In  addition  a 
thin  film  of  fluid  is  maintained  between  the  die  and  billet  during  extrusion.  This 
hydrodynamic  lubrication  results  in  a drastic  reduction  in  die  friction  and  great 
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uniformity  of  material  deformation. 


A quenching  system  was  added  to  the  hydrostatic  extrusion  system  to  que.ich  in 
the  as-extruded  structure.  In  this  way  the  strength  can  be  maximized  by  "capturing" 
the  cold  worked  structure  that  under  normal  conditions  would  have  annealed  from 
adiabatic  heating.  The  direct  mode  quenching  system  (Figure  5)  is  best  described 
as  two  concentric  tubes  leading  from  the  die  and  extrusion  chamber  to  the  outside. 
Liquid  enters  the  device  and  flows  down  the  annular  region  between  the  two  tubes  to 
the  die.  At  the  die,  holes  are  provided  to  spray  the  emerging  extrusion  with  liquid. 
The  liquid  and  the  extrusion  then  exit  together  through  the  central  tube.  Examples 
of  typical  extrusions  are  shown  in  Figure  6. 

( b ) Materials  and  Heat  Treatme 

The  materials  examined  were  castings  of  high  purity  aluminum  with  .05%,  .50%, 
and  1.0%  iron  by  weight.  Table  I gives  the  chemical  condition  of  the  aluminum 
castings  studied.  Extrusion  billets  were  machined  from  these  cast  ingots.  Billet 
dimensions  were  standardized  to  a diameter  of  .725  inches  with  a cone  angle  on  the 
front  of  36“  to  initiate  extrusion. 

All  the  extrusion  billets  were  solution  heat  treated  in  air  at  640“C  (1184“F) 
for  1.25  hours  and  immediately  water  quenched.  These  billets  were  then  given 
various  pre-hydrostatic  extrusion  anneals  (Table  II).  The  billets  were  then  ex- 
truded to  give  true  strains  of  3.58  (about  36:1  reduction)  and  4.39  (about  81  to  1 
reduction).  These  extrusions  were  water  quenched  at  the  die  exit. 

( c ) Mjlc r o scopy 

The  microstructure  of  the  aluminum  extruslorP  were  investigated  by  both  optical 

and  transmission  electron  microscopy.  Thin  foils  were  taken  perpendicular  to  the 

(4) 

wire  axis  and  prepared  by  a technique  developed  by  Rack  and  Cohen  . Final 
polishing  was  done  with  an  electrolyte  of  3 parts  mechanol  and  one  part  nitric  acid 
in  an  ice  bath.  The  thin  foils  were  then  examined  in  a Phillips  201  microscope 
operated  at  100  KV. 
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TABLeI  : Chemical  Composition  of  the  Aluminum- Iron  Billets 
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Cu 

BAL 

. 054 

.004 

.003 

A1 

. 527 

. 001 

. 003 

A1 

1 . 028 

. 001 

. 004 

A1 

weight  percent 
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TABLE n 

; Wire  Processing 

Parameters 

EXTRUSION 

NUMBER 

% FE 

PRE-EXTRUSION 
HEAT -TREATMENT 

EXTRUSION 

TRUE  STRAIN 

EXTRUSION 

RATIO 

17 

. 0 5 

None 

4 .41 

(81:1) 

18 

. 50 

1 1 

f 1 

M 

19 

1 . 00 

I r 

1 1 

M 

20 

. 0 5 

1 1 

3.52 

(36:1) 

21 

1 1 

tl 

22 

1.00 

* » 

M 

M 

23 

. 05 

200°C(392”l-)/2.  25 

hr s . 4.41 

(81:1) 

24 

. 50 

ft 

tt 

1 1 

25 

1 . 00 

f » 

It 

If 

2 0 

. 05 

310°C  (590°F)/2  hrs.  3.52 

(36:1) 

11 

. 50 

1 1 

? 1 

It 

28 

1 . 00 

» t 

f » 

It 
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lU'cnuse  ot  tlic  <i  If  f i cii ) r i cs  assoc  i atcni  with  thf-  tension  testing  of  small 
diameter  wi res,  compression  samples  were  nuichined  with  a length  to  diameter  ratio 
of  3:2.  This  ratio  is  typically  used  to  minimize  the  effects  of  barrelling  and 
buckling. 

All  compression  tests  were  performed  at  room  temperature  on  an  Instron 

-3  -1 

machine.  The  initial  strain  rate  for  all  tests  was  G = 1.2  x 10  sec 

RESULTS  AND  DISCUSSION 
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The  first  billets  hydrostatically  extruded  showed  irregular  variations  in 
the  wire  diameter.  This  variation  in  the  wire  surface  is  caused  by  the  phenomenon 
known  as  "stick-slip".  "Stick-slip"  occurs  because  of  the  difference  in  the  static 
and  hydrodynamic  friction  coefficient  and  can  be  controlled  by  adjusting  the 
extrusion  rate.  Once  this  adjustment  was  made  no  other  precautions  were  necessary 
to  insure  a good  surface  finish  on  the  wire.  The  .725  inch  (1.9  cm)  billets  were 
hydrostatically  extruded  as  machined  at  various  reductions  and  the  resulting  wire 
showed  consistently  good,  defect-free  surface  finishes  (Fig.  7). 

The  influence  of  subgrain  size  on  the  room  temperature  yield  strength  of  EC 
grade  alumimura  is  illustrated  in  Figure  8.  The  data  are  from  Kallsh  and  LeFevre  (2). 
The  subgrain  sizes  were  obtained  from  a multi-step  wire  drawing  process.  On 
the  same  graph  we  show  the  yield  strength  of  hydrostatically  extruded  high  purity 
aluminum  containing  .05,  0.5  and  1.0%  iron.  The  compression  strengths  are  high 
and  considerably  above  those  obtained  for  EC  grade  aluminum  by  the  wire  drawing 
process . 

Annealing  studies  on  hydrostatically  extruded  high  purity  aluminum  containing 
0.5%  Fe  reveal  that  this  material  exhibits  strength  stability  over  a wide  range  of 
temperatures.  Figure  9 illustrates  that  annealing  for  2.25  hours  at  200‘’C  led  to 
no  significant  softening.  The  wire  drawn  aluminum  alloy  studies  by  Kalish  and 
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LeFevre  (drawn  to  e = 3.19)  exliibited  recovery  effects  after  1 hour  at  ISO^C 
even  though  this  wire  is  more  highly  alloyed  and  annealed  for  shorter  times 
than  the  hydrostatically  extruded  wire.  Extrapolation  of  the  above  results 
suggests  that  material  extruded  at  ratios  greater  than  81:1  may  be  expected  to 
be  stronger  and  more  thermally  stable  than  those  shown  in  Figure  9. 

The  room  temperature  true  stress  versus  true  strain  diagram  for  a hydro- 
statically extruded  and  heat  treated  wire  of  aluminum  with  .5%  iron  is  shown  in 
Figure  10.  This  material  was  solution  annealed  at  640°C  (1184°F)  for  1.25  hours 
then  given  a pre-extrusion  anneal  of  200°C  (392°F)  for  2.25  hours  and  was  then 
hydrostatically  extruded  at  an  extrusion  ration  of  81:1.  Compression  samples  were 
then  machined  from  this  wire  with  an  initial  diameter  of  ,080  inches  (2  mm)  and 
Initial  high  of  .120  inches  (3  mm).  The  compression  sample  was  given  a heat 
treatment  of  200‘’C  (392°F)  for  2.25  hours  just  before  testing.  This  material 
showed  some  strain  softening  and  a .2%  flow  stress  of  over  30  ksi  (207  MPa). 

This  material  is  considerably  stronger  than  the  EC  grade  aluminum  wire  made  by 
the  multi-step  wire  drawing  process.  The  highest  .2%  flow  stress  achieved  by 
the  multi-step  process  was  not  over  25  ksi  (172  MPa)  (2).  This  shows  that 
through  hydrostatic  extrusion  and  heat  treatment  the  strength  of  EC  grade  aluminum 
can  be  raised  to  over  30  ksi  (207  MPa). 

The  effect  of  pre-extrusion  anneals  (Figs  11a, b,c)  and  the  effect  of  the 
extrusion  ratios  (Figs  12a, b,c)  on  the  annealing  behavior  of  all  three  aluminum- 
iron  alloys  were  investigated.  From  this  data  a number  of  conclusions  can  be 
drawn.  The  most  obvious  conclusion  is  that  the  yield  strength  increases  as  the 
iron  content  and  extrusion  ratio  Increases.  To  illustrate  this  effect  one  can 
look  at  lilgh  purity  annealed  aluminum  and  hydrostatically  extruded  aluminum  with 
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.05%  iron.  The  yield  strength  of  high  purity  annealed  aluminum  is  below  4 1 si 
(27.6  MPa).  However,  by  the  addition  of  .05%  iron,  hydrostatically  extruding  to 
large  strains,  and  proper  tieat  treatment,  yield  strengths  of  27  ksi  (186  MPa) 
can  be  obtained.  Small  iron  additions,  hydrostatic  extrusion,  and  thermal 
treatments  are  a very  effective  strengthening  process  for  high  purity  aluminum. 

A comparison  with  the  wire  drawn  aluminum  alloy  (A1  - .7  Fe  - .15  Mg)  again 
shows  that  all  extrusions  to  81:1  reductions  of  the  .5%  and  1%  iron  compositions 
exhibited  equal  or  superior  yield  strength.  All  the  tests  again  showed  more 
resistance  to  recovery  (softening)  with  increasing  annealing  temperatures  than 
the  wire  drawn  material. 

Most  of  the  annealing  diagrams  also  showed  a slight  increase  in  the  yield 
strength  at  an  annealing  temperature  of  200°C  (392°F).  It  is  believed  that  this 
increase  in  yield  strength  could  come  from  the  formation  of  subgrains. 

An  investigation  of  the  structure  of  these  wires  by  transmission  electron 
microscopy  showed  small,  well  defined  subgrains.  Very  few  fine  Al^Fe  precipitates 
were  found  pinning  subgrains.  Figure  13  shows  a typical  substructure.  The 
lack  of  small  precipitates  was  surprising  and  further  transmission  electron 
microscopy  is  planned  to  detail  the  nature,  distribution  and  morphology  of  the 
subgrains  and  the  precipitate  particles  in  the  hydrostatically  extruded  aluminum- 
iron  alloys. 

SUMMARY  AND  CONCLUSIONS 

The  major  purpose  of  this  investigation  was  to  show  that  high  strength  EC 
grade  aluminum  wire  could  be  developed.  To  achieve  this  goal  hydrostatic 
extrusion  was  used.  Hydrostatic  extrusion  provided  a method  of  cold  working 
aluminum  to  large  strains  in  a single  operation  and  the  wire  that  results  is 


This  research  has  shown  that  the  development  of  EC  grade  aluminum  wire 
with  yield  strengths  In  excess  of  30  ksi  (207  MPa)  is  easily  attainable  and 
this  material  is  more  resistant  to  thermal  softening  than  the  conventional 
wire  drawn  EC  wire. 
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Figure  5.  Quenching  system  for  direct  extrusion  mode.  Extruded  billet  and 
fluid  exit  through  center  tube. 


Figure  6. 


Sample  aluminum 
.750".  Listing 
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8.  The  effect  of  subgrain  size  on  the  room  temperature  yield 
strength  of  EC  grade  aluminum. 
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The  following  research  work  was  done  by  Li-Lien  Lee  as 
partial  fulfillment  for  the  degree  of  Engineer  at  Stanford 
University.  Our  earlier  work  had  suggested  that  super- 
saturating an  aluminum  matrix  with  iron  would  lead  to  high 
strengths.  Further,  it  was  assumed  that  the  higher  strengths 
were  the  result  of  finer  stabilized  subgrains.  However,  the 
precise  interaction  mechanism  between  the  iron  and  aluminum 
was  unclear.  lliis  paper  is  an  attempt  to  clarify  these 
points . 
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ABSTRACT 


Aluminum  alloys  with  0.5  wt  % and  0.05  wt  % Fe  have  been  hydrostatically 
extruded  with  a reduction  In  area  of  81  to  1.  Two  difference  types  of  heat 
treatment  were  employed.  One  group  of  samples  were  solution  treated  at 
640‘’C  then  water  quenched  and  a second  group  was  furnace  cooled  after 
solution  treating  at  640°C.  Both  heat  treatments  were  performed  before 
extrusion.  It  was  found  that  the  excessive  amount  of  iron  in  the  solution 
treated  and  quenched  samples  helped  develop  fine  subgrain  structures  during 
hydrostatic  extrusion.  The  superior  wire  obtained  from  solution  treatment 
and  quenching  was  also  founii  to  be  more  thermally  stable  in  subsequent 
annealing  studies. 
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INTRODUCTION 


Aluminum  wire  became  a substitute  for  copper  wire  in  electrical 
applications  in  about  1954.  The  major  reason  for  this  change  was  due 
to  the  high  cost  of  copper.  The  low  strength  of  electrical  conductor 
grade  aluminum,  however,  has  been  a problem  ever  since. 

High  strength  aluminum  conductors  have  been  developed  through 
alloying  or  through  mechanical  working.  Because  of  the  requirement  of 
high  conductivity,  the  alloy  additions  were  usually  limited  to  within 
one  percent.  In  addition,  whether  or  not  the  alloying  elements  are  in 
solution  must  be  taken  into  consideration.  Solid  solution  alloys  usually 
show  lower  conductivities  than  alloys  whose  alloying  elements  exist  as 
precipitates.  For  example,  iron  increases  the  resistivity  of  aluminum 
2.56  microlira  -cm/wt  % in  solution  but  only  0.058  microhm-cm/  wt  % when 
out  of  solution  (1).  Alloying  additions,  therefore,  must  be  chosen  which 
liave  a very  limited  solit  solubility  and  form  very  stable  precipitates 
which  will  not  dissolve  during  processing. 

Once  the  composition  has  been  fixed,  the  strength  of  the  alloy  is 
solely  dependent  upon  the  wire  processing.  Because  of  the  high  stacking 
fault  energy,  aluminum  can  easily  develop  well-defined  subgrains  during 
deformation  even  if  the  working  temperature  is  relatively  low  (such  as 
0.3  - 0.4  Tp,) . That  an  increase  in  the  yield  strengtli  of  polycrystalline 
and  single  crystalline  aluminum  may  be  achieved  by  decreasing  the  subgrain 
size  has  been  shown  experimentally  by  Ball  (2),  Lake  (3)  and  others  (4-8). 
I'herefore,  tlie  production  of  a fine  and  stable  subgrain  structure  as  a 
means  of  strengthening  is  a main  product  of  wire  processing  of  aluminum 
conductors.  Two  different  processes,  multi-step  wire  drawing  and  hydro- 
static extrusion  have  been  used  to  Increase  the  strength  successfully  by 
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decreasing  the  subgrain  size  (7,9).  Hydrostatic  extrusion  can  prevent 
microvoids  from  forming  and  eiiminate  defects  such  as  pores  and  cracks 
that  are  already  in  existence.  In  addition,  the  ductility  of  the  material 
can  he  increased  by  the  high  pressurized  environment  (10).  Large  amounts 
of  cold  deformation  can  be  accomplished  by  hydrostatic  extrusion  within 
one  single  step.  Retluction  ratios  of  as  high  as  1000  to  1 have  been 
successful ly  achieved  with  commercially  pure  aluminum  (11).  But,  in  wire 
drawing,  large  amounts  of  deformation  can  only  be  achieved  by  multi-step 
drawing  and  intermediate  annealing  is  sometimes  required.  It  has  been 
reported  that  hydrostatically  extruded  wire  has  superior  mechanical  pro- 
perties to  cold-drawn  wire  (9,11).  The  reason  has  been  attributed  to 
fewer  microcracks  and  finer  subgrains  in  hydrostatically  extruded  wire. 
Although  hydrostatic  extrusion  has  been  known  for  years,  there  are  still 
very  few  commercial  installations.  This  is  probably  due  to:  (1)  The 
uncertainty  in  safety  and  reliability  of  such  equipment,  (2)  the  relatively 
large  investment  of  funds  required  for  installation,  and  (3)  the  capacity 
of  material  is  limited  by  ttie  size  of  the  pressure  chamber.  Efforts  to 
develop  continuous  hydrostatic  extrusion  have  been  pursued  during  recent 
years.  If  this  process  is  av.ailable,  its  potential  for  wire  processing 
may  be  significant. 

The  initial  rod  condition  has  been  demonstrated  to  have  a fignificant 
effect  on  the  subsequent  strength-subgrain  relationship  in  drawn  wires  (11). 
Equivalent  experiments  have  not  been  done  on  hydrostatically  extruded 
aluminum.  We  believed  tliat  the  initial  rod  condition,  that  is,  the  prior 
thermal  treatment,  might  Influence  the  properties  of  hydrostatically  extruded 
wire.  This  investigation  was  undertaken  in  order  to  understand  some  of  the 
thermal-mechanical  processing  factors  which  affect  subgrain  formation  and 
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mechanical  behavior  of  hydrostatically  extruded  aluminum  with  a high  re- 
duction In  cross  sectional  area. 


MATERIALS  AND  EXPERIMENTAL  PROCEDURES 


1 


The  materials  used  for  this  study  were  supplied  by  Aluminum  Company 
of  America  as  cast  ingots.  The  chemical  compositions  in  wt%  are  tabulated 
as  follows; 

Table  1 


The  compositions  of  the 

Al-Fe  alloys  employed 

in  this  study 

Alloy 

des ignat i on 

Fe 

Mg 

Cu 

A1 

0.5^oFe-Al 

0.527 

0.001 

0.003 

Balance 

0. 05%Fe-Al 

0.054 

0.004 

0.003 

Balance 

Three  quarter  inch  (19mm)  diameter  extrusion  billets  were  machined 
and  heat  treated  in  the  following  ways: 

A:  Heat  to  640°C  for  1.5  hrs. , then  quench  in  water 
B;  Heat  to  6A0°C  for  1.5  hrs.,  furnace  cool  to  500'’C.  Anneal  for 
12  hrs  at  500“C,  then  furnace  cool  to  room  temperature. 

We  fell  that  thermal  treatment  A would  |nit  as  much  iron  in  solution  as 
possible  and  thermal  treatment  B would  do  the  opposite,  that  is,  the  iron 
would  be  mostly  in  precipitate  form.  It  was  noted  that  a smooth  finish 
in  machining  the  billets  was  unnecessary.  Billets  with  smooth  surfaces 
require  higher  extrusion  pressures  than  similar  billets  with  rough 
surfaces.  This  effect  is  due  to  the  mechanism  involved  in  setting  up 
a full-fluid  film  lubricant  condition.  According  to  the  mechanism  (13), 
the  lubricant  does  not  flow  freely  between  the  die  and  billet,  but  is 
carried  into  tiie  die  by  tlie  billets.  The  billets  machining  marks  may  be 
carried  through  the  product.  Nevertheless  the  surface  finishes  of 
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extruded  wires  still  compared  favorably  with  drawn  wires. 

After  heat  treatment,  an  1/8  inch  (0.317mm)  thick  disk  sample  was  cut 
from  each  billet.  The  resistivity  of  these  disks  were  measured  by  eddy 
current  measurement.  Knowing  the  resistivity,  p,  the  amount  of  iron  in 
solution  can  be  calculated  as  follows  (1): 

(>  = 2.71  + 2.56  • X + 0.058  • (X„  - X) 
where  X is  the  amount  of  iron  in  solution,  X^  is  tlie  total  iron  content, 

2.56  (microhm  - cm)  is  the  average  increase  in  resistivity  per  wt%  of  iron 
in  solution,  0.058  (microhm  - cm)  is  the  average  increase  in  resistivity 
per  wt%  of  iron  out  of  solution,  and  2.71  (microhm  - cm)  is  the  resistivity 
of  high  purity  aluminum  at  25“C. 

All  the  billets  were  extruded  with  the  same  area  of  reduction,  81:1, 
with  the  Stanford  Hydrostatic  Extrusion  press.  A device  was  used  to  water 
quench  the  wire  at  the  die  opening  in  an  effort  to  maintain  the  hydrosta- 
tically worked  structure.  The  extrusions  were  conducted  in  such  a way  that 
the  wire  was  still  connected  to  the  undeformed  portion  of  the  billet  after 
hydrostatic  extnrsion.  liy  doing  this,  the  metallographic  work  was  made 
much  easier. 

Compression  specimens  with  a height  to  diameter  ratio  of  1.5  were 
machined  from  the  extruded  wires.  Room  temperature  compression  tests  were 
carried  out  using  an  Instron  machine  with  an  initial  strain  rate  of  0.016 
min  A few  tension  specimens  were  prepared  from  extruded  wires  in  order 

to  get  some  idea  of  the  tensile  properties,  such  as  percent  of  elongation  and 
reduction  of  area,  and  to  compare  the  yield  strengths  with  those  determined 
from  tlio  compression  tests.  We  had  a hard  time  making  a successful  tension 
test  at  the  beginning,  because  wo  were  trying  to  prepare  it  mechanically. 
Eventually  this  difficulty  was  eliminated  by  using  a cylindrical  cathode  to 
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electropolish  the  p.age  portion  of  the  tension  specimens.  Room  Temperature 
tensile  tests  were  carried  out  witli  an  Instron  machine  using  a initial 
strain  rate  0.01  min  Annealing  studies  on  the  hydrostatically  extruded 
wires  were  performed  at  a series  of  different  temperatures,  from  125°C  to 
325°C,  for  two  and  one  half  hours.  The  annealed  samples  were  compression 
tested  to  determine  the  thermal  stability  of  the  extruded  materials. 

Lateral  sections  of  the  end  of  wires,  as  shown  in  Figure  1,  were  pre- 
pared for  optical  microscopy.  Tlie  specimens  were  electropolished  at  80°C, 

17  volts  in  a solution  of  100  ml  distilled  water,  160  gm  chromium  trioxide, 
820  ml  phosphoric  acid  and  135  ml  sulfuric  acid.  They  were  then  anodized  at 
room  temperature  in  a solution  of  5%  fluoboric  acid  and  95%  distilled  water. 
An  optical  microscope  with  polarizer  attachment  was  used  for  metallography 
study. 

Transmission  electron  microscopy  (TEM)  studies  were  conducted  on  a 
Phillips  EM  200  electron  microscope.  Thin  films  were  prepared  as  follows. 
The  hydrostatically  extruded  wires  were  sawed  into  O.A  mm  discs.  They  were 
then  ground  on  emery  paper  to  about  0.15  mm  thick  discs  and  were  then 
electrothlnned  in  a double  jet  polishing  unit  at  -30°C,  17  volts  in  a 
solution  of  3 parts  methanol  and  1 part  nitric  acid.  TEM  was  used  with 
a high  tension  of  100  KV  in  examining  all  of  the  specimens. 
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RKSULTS  AND  DISCUSSION 

The  results  of  the  conductivity  measurements  are  shown  in  Table  2. 

The  resistivity  p (microhm  - cm)  = 172.41/%  lACS.  By  knowing  the  total 
iron  content,  the  percent  of  iron  in  solution  can  be  calculated  by  the 
method  reviously  described.  These  results  are  also  tabulated  in  Table  2. 

Table  2 

Conductivity  and  wt%  of  iron  in  solution  before  extrusion 


Material 
designat ion 

heat 

t rea  t men  t 

conductivity 
% lACS 

resistivity 

microhm-cm 

calculated  wt% 
iron  in  solution 

microprobe 

analysis 

0.5%Fe-Al 

640°C  *W.i). 

59.5 

2.89 

0.0628 

~.05 

0.5%Fe-Al 

640,  FC->500°C 
500 °C,  FC^RT 

61.4 

2.81 

0.0269 

~.02 

0.05%Fe-Al 

640°C  HJ.Q. 

61.4 

2.81 

0.0379 

0.05%Fe-Al 

640,  FC<-500‘’C 

500° C,  FC^-RT 

61.5 

2.80 

0.0361 

It  is  known  that  the  maximum  solubility  for  Fe  in  A1  is  0.052  wt%  (14)- 
From  our  calculated  values  one  percentage  was  as  high  as  0.0628  wt%.  The 
reason  for  this  was  probably  due  to  neglecting  the  contribution  to  electrical 
resistivity  of  the  other  solute  atoms  present.  Therefore,  the  calculated 
values  in  Table  2 can  be  taken  only  as  a first  order  approximation.  Still, 
it  is  likely  that  a high  superaturat ion  of  iron  was  obtained  in  the  water 
quenched  samples  as  we  expected. 

The  true  stress-true  plastic  strain  curves  obtained  from  compression 
tests  for  the  extruded  wires  are  shown  in  Figures  2 and  3.  They  are  plotted 
by  assuming  that  the  samples  were  uniformly  deformed  during  compression  test. 
This  was  true  for  all  our  compression  tests.  It  was  found  that  the  heat 
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treatment  before  exliirsion  strongly  influenced  the  strength  of  the  ext'^uded 
wire  for  the  0.5%  Ke-Al  material  (Figure  2),  but  was  not  a minor  factor  for 
the  case  of  the  0.05%  Fe-Al  material  (Figure  3).  The  difference  in  strength 
noted  from  heat  treatment  appears  to  be  dvie  to  the  jimount  of  supersaturated 
iron.  For  the  0.5%  Fe-Al  material,  when  we  double  the  amount  of  iron  in 
solution  before  extrusion  the  strength  of  the  extruded  wire  was  increased  by 
60%  (Figure  2).  For  the  0.05%  Fe-Al  material,  we  were  able  to  change  the 
amount  of  iron  in  solution  only  slightly  and  t lie  strengths  of  the  extruded 
wires  in  this  case  were  almost  exactly  the  same  (Figure  3).  In  order  to 
check  our  conjecture  about  the  supersaturated  iron,  one  more  0.5%  Fe-Al  wire 
was  extruded.  Tlie  heat  treatment  before  extrusion  was  640°C  for  1.5  hrs, 
then  furnace  cooled  to  room  temperature.  Such  a treatment  should  retain 
more  iron  in  solution  than  the  sample  which  was  isothermal  annealed  at  500°C 
then  furnace  cooled  but  should  contain  less  iron  in  solution  than  the  solu- 
tion treated  and  quenched  sample.  3’he  third  heat  treatment  lead  to  a com- 
pression stress-strain  curve  which  falls  in  between  tlie  previous  two  curves, 
as  expected  (Figure  2). 

Figure  4 summarizes  tlie  results  of  tlie  annealing  studies.  In  this 
figure  the  room  temperature  yield  strength  (0.2%  offset)  is  plotted  as  a 
function  of  annealing  temperature.  The  compression  test  curves  for  con- 
structing Figure  4 are  given  in  the  Appendix.  The  data  in  Figure  4 show 
that  all  the  different  strength  wires  were  fully  recrystallized  when  annealed 
at  325°C  for  2.5  hrs.  The  results  show  that  the  pre-extrusion  solution 
treatment  not  onlv  raised  th^  strength  of  the  extruded  wire  but  also  in- 
creased the  resistance  to  thermal  softening.  We  believe  that  the  dissolved 
iron  can  aid  in  substructure  stabilization  since  the  iron  solute  atoms  can 
hinder  subgrain  growth  and  boundary  migration  by  pinning  the  dislocation 
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boiiiiclar  ifs  as  Cottri'll  atmospheres.  IL  is  also  possible  that  iron  in 
solution  may  lower  the  stacking  fault  energy  of  aluminum,  wijich  in  turn, 
may  inhibit  cross  slip  as  well  as  decrease  the  climb  rate  (8).  Even  when 
the  annealing  temperature  is  as  iiigii  as  225°C,  our  strongest  wire  didn't 
show  any  softening  at  all.  It  was  noted  that  the  weakest  wire  has  the 
least  amount  of  iron  in  solution  before  extrusion.  All  the  curves  in 
Figure  4 show  a slight  increase  in  strength  from  low  temperature  annealing. 
Possible  reasons  for  this  effect  may  be  attributed  to  the  effect  of  strain 
aging  or  to  an  increase  in  subgrain  boundary  perfection. 

Since  most  of  the  stress-strain  curves  of  the  compression  tests  show 
a negative  slope  (titat  is,  strain  softening)  in  tiie  plastic  region,  tensile 
instability  should  occur  at  small  strains  in  a tension  test.  The  results 
of  room  temperature  tensile  tests  on  hydrostatically  extruded  0.5%-Al  are 
shown  in  Figure  5.  Both  curves  in  Figure  5 showed  that  the  specimens  started 
to  neck  just  as  soon  as  yielding  took  place.  This  is  consistent  with  the 
negative  strain  hardening  exponent  of  the  previous  compression  tests. 
Therefore,  although  the  hydrostatically  extruded  wire  exhibited  ductile 
fracture  wltli  reduction  in  area  greater  than  80%,  the  tensile  elongation 
was  Less  than  5%  in  the  1 inch  gage  length  samples  tested.  The  yield 
strengths  obtained  from  the  tensile  tests  were  fairly  close  to  those 
obtained  in  the  compression  tests,  suggesting  that  the  extruded  material 
may  have  a relatively  isotropic  structure. 

Figures  6 to  21  are  the  results  of  optical  microscopy.  Because  of  the 
different  thickness  of  the  anodized  film,  adjacent  grains  showed  a difference 
in  color  under  polarized  light.  The  grain  size  before  extrusion  was  large, 
varying  from  0.4  mm  to  3 mm,  for  all  our  billets.  No  difference  between 
samples  of  different  pre-extrusion  heat  treatment  could  be  observed  optically 
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for  a given  total  iron  content.  The  polarized  light  photomicrographs  .aken 
after  hydrostatic  extrusion  give  a hint  that  the  elongated  grains  may  have 


broken  up  into  small  grains  (Figure  9).  The  Al^Fe  precipitates  are  segre- 
gated at  the  interdendritic  regions  before  extrusion  and  distributed  homo- 
geneously after  extrusion.  This  difference  can  be  readily  seen  from  the 
microgrphas  taken  without  polarized  light  (for  example,  see  Figures  10  and 
11). 

Figures  22  and  25  show  electon  micrographs  of  the  as-extruded  wires 
from  the  TEM  studies.  The  type  of  substructvire  noted  are  summarized  in 
Table  3. 

Table  3 

Summary  of  TEM  studies  on  hydrostatically  extruded  Al-Fe  alloys 


material 

designa- 

tion 

pre-extrusion 
heat  treatment 

TEM  observations 

Al- 

0.  5%Fe 

640“C->W.Q. 

Uniform  subgrain  size 

X = 0. 5 micron 

(dislocation  present  in  10%  of  the 

subgrains) 

Al- 

0. 5%Fe 

640°C,  FC>500°C 
500°C,  FC-'-RT 

mixed  subgrain  structure 

35%  coarse,  X = 2 micron 
(dislocation  free  in  all  subgrains) 
65%  fine,  X = 0.75  micron 
(dislocation  present  in  10%  of  the 

subgrains) 

Al- 

0.05%FE 

640'’C^iJ.Q. 

uniform  subgrain  size 

X = 0.65  micron 

(dislocation  present  in  10%  of  the 

subgrains) 

Al-  640‘’C,  FC-*-500°C  uniform  subgrain  size 

0.05%Fe  500°C,  FC-^RT  X = 0.65  micron 

(dislocation  present  in  10%  of  the  subgrains) 


It  was  found  that  the  strongest  wire  has  the  smallest  subgrain  size  and 
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the  weakest  wire  has  the  largest  subgrain  size.  The  existence  of  coarse 


subgrains  in  the  weakest  wire  was  probably  due  to  the  ease  of  dynamic  re- 
covery during  the  extrusion  process.  Sherby,  Klundt  and  Miller  (15)  have 
proposed  that  tlie  subgrain  size  at  a given  o/E  decreases  with  decreasing 
stacking  fault  energy.  If  the  stacking  fault  energy  is  decreased  by  the 
presence  of  excessive  iron  in  solution,  then  the  subgrain  size  may  decrease 
by  this  effect.  This  may  be  one  explanation.  Another  contribution  to  sub- 
grain  size  refinement  may  arise  from  the  precipitation  of  Al^Fe  during  the 
extrusion  process.  The  most  likely  factor  controlling  the  subgrain  size 
during  hydrostatic  extrusion,  however,  is  likely  associated  with  the  amount 
ot  iron  present  in  supersaturated  solution  in  aluminum.  For  0.05%  Fe-Al 
material,  both  heat  treatments  showed  almost  the  same  amount  of  dissolved 
iron,  and  the  same  size  of  subgrains  developed  in  both  cases.  The  0.5%  Fe-Al 
material , solution  treated  at  GAO^C  then  isothermal  annealed  at  500°C  and 
furnace  cooled,  precipitated  more  iron  out  of  solution  than  the  0.05%  Fe-Al 
material  thermally  treated  in  the  same  way  (Table  2).  This  is  possibly  due 
to  the  greater  amount  of  (>uti>ctic  Al^Fe  present  in  the  0.5%  Fe-Al  material 
whlcli  may  have  actiul  as  nucleation  sites  tor  the  Iron  solute  atoms.  The 
small  amtnint  of  iron  in  solution  for  the  slowly  cooled  0.5%  Fe-Al  material, 

We  believe,  lead  to  the  coarse  subgrain  size  observed. 

Adiabatic  heating  during  hydrostatic  extrusion  process  could  cause  the 
iron  atoms  to  nove  to  preferential  sites  for  precipitation,  which  in  turn, 
would  pin  the  dislocations  at  subgrain  boundaries.  The  distance  of  diffusion, 
X,  for  Fe  in  Al  can  be  calculated  if  the  temperature  from  adiabatic  heating 
is  known  and  the  time  at  temperature  is  known.  The  Increase  in  temperature 
due  to  adiabatic  heating  is  calculated  as  follows: 

AW  = o-r  = C - AT 
P 
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where  AW  is  the  work  done  during  hydrostatic  extrusion,  O is  the  flow 
stress,  G is  the  total  strain  during  extrusion  (g  = 4.4  for  a 81:1  re- 
duction), C is  the  specific  heat  (0. 215cal/gm-°C  for  pure  A1  (16)),  and 
P 

At  is  the  temperature  change.  The  flow  stress  during  extrusion,  a,  is 
not  known  but  a reasonable  assumption  might  be  25  ksi  (the  yield  strength 
of  the  hydrostatically  extruded  material).  Substituting  the  proper  con- 
version factors  AT  can  be  readily  calculated,  and  was  determined  to  be 
At  = irj°C.  Therefore  the  temperature,  T,  at  the  die  exit  is  about  610°K. 

The  distance  of  iron  solute  atom  diffusion  in  aluminum  is  now  readily 
calculated  from  the  following  relation(17) . 

X = 2/Dt 

where  t is  the  diffusion  time  and  D is  the  diffusion  coefficient  of  Fe  in 

„ / , ,^-9  ,-13900  cal/mole,  2, 

A1  (18)  given  as  D„  . = 4.1  x 10  exp  ( ;rr ) cm  /sec. 

re  in  A1  RT 

.4ssuming  t at  610°K  is  equal  to  1 second  (likely  a maximum  since  the  ex- 
truded billet  was  directly  water  quenched  upon  exiting  the  die),  we 

calculate  that  X = 4.14  x 10  ^ cm.  Since  the  closest  approach  of  atoms 
“8 

in  A1  is  2.86  x 10  cm  (16),  X is  equal  to  15  atom  spacings.  This 
diffusion  distance  may  be  overestimated  since  t can  be  much  smaller  tlian 
1 second  in  reality.  Still,  the  calculations  suggest  that  thelron  solute 
atoms  may  move  several  atom  spacings  if  adiabatic  heating  occurs  during 
hydrostatic  extrusion.  This,  in  turn,  can  permit  some  pinning  of  subgrain 
boundaries  by  Cottrell  atmospheres  of  iron.  Such  an  agrument  suggests  that 
the  influence  of  iron  in  solution  can  play  an  important  role  in  the  various 
strengths  observed  (Figures  2 and  3). 

Let  us  now  consider  the  annealing  experiments  and  the  observation  of 
anneal  hardening  (Figure  4).  In  the  same  way  as  above  we  can  determine 
the  diffusion  distance  for  Fe  in  A1  at  ISO’C  where  the  maximum  increase  in 


55. 


room  temperature  strength  was  observed.  The  same  formula  X = 2 t^5t  wa 

“16  2 

used  with  t = 2.5  hrs.  and  D = 2.7  x 10  cm  /sec  at  150®C,  X was  calculated 
to  be  about  109  atom  spacings  which  is  about  0.06  of  the  fine  subgrain  size 
observed.  Tills  siguificauL  amount  of  diffusion  can  explain  the  increase  in 
yield  strength  of  the  hydrostatically  extruded  wire  observed  with  annealing. 
Furthermore,  this  annealing  could  improve  the  conductivity  of  the  wires  as 
a result  of  the  segregation  of  iron  atoms  to  subgrain  boundary  sites,  either 
as  Cottrell  atmospheres  or  as  minute  precipitates.  Further  studies  by  TFJ^ 
and  by  microprobe  analysis  can  prove  ver  useful.  Electrical  conductivity 
measurements  on  the  extruded  wires,  before  and  after  annealing,  could  yield 
useful  Information  with  respect  to  deducing  the  various  atomic  mechanisms 
discussed  above  regarding  subgrain  boundaries,  solute  and  precipitate  segre- 
gation and  subgrain  size. 
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CONCLUSIONS 


1.  The  Al-Ke  nlloys  studied  could  easily  develop  well  defined  suhj^ralns 
bv  Itydrostatic  extrusion  with  an  extrusion  ratio  of  81  to  1 . 

2.  I'he  amount  of  supersaturated  iron  appears  to  be  very  important  for 
subgrain  size  control.  It  is  proposed  that  the  more  iron  in  solution,  the 
smaller  the  sub^rains  tliat  can  be  developed,  leading  to  high  strength. 
Thermal  stability  of  the  mechanical  properties  could  also  be  Improved  by 
the  presence  of  supersaturated  iron. 

1.  Strain  softening  characterized  tlie  plastic  flow  behavior  of  the 
tiydrf)stat  ical  ly  extruded  wire.  As  a result,  tensile  instability  in  tension 
tests  was  noted  wliicli  is  an  undesirable  characteristic. 

4.  It  is  suggested  that  the  solution  treatment  before  extrusion  should 
be  done  as  well  as  possible.  After  extrusion,  the  wire  could  be  annealed 
at  about  200°C  for  a period  of  time  in  order  to  improve  the  conductivity 
without  hurting  the  strength. 
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Figure  1.  The  above  photograph  illustrates  a 
extruded  sample.  Sucii  extruded  billets  were 
their  structure  by  optical  microscopy. 


half  section  of  the 
utilized  to  study 
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ANNEALING  TEMPERATURE, “C 

Figure  4.  The  room  temperature  yield  strengths  of  the  hydrostatically 
extruded  wires  after  annealed  for  2.5  hrs . at  different  temperatures. 


Figure  8.  Solution  treated  and  quenched  Al-O.S/^  Ke  before  extrusion. 
Polarized  light  was  used. 
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Figure  12.  Solution  treated  and 
Polarized  light  was  used. 


furnace  cooled  Al-O.  5?!  Fe  before  extrusion. 
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Figure  13.  longitudinal  section  of  hydrostatically  extruded  wire  of  the 
same  material  as  in  Figure  12.  Polarized  light  was  used. 
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Figure  16.  Solution  treated  and  furnace  cooled  Al-0.^%  Fe  before  extrusion. 
Polarized  liglit  was  used. 


Figure  17.  Same  as  Figure  16  but  different  area, 
are  present.  Polarized  light  was  used. 


Interdendritic  Al^Fe 
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Figure  20.  Same  as  Figure  18  without  polarized  light 


70 


1 


Figure  22.  Electron  micrograph  of  liydrostat ical ly  extruded  Al-0.05%  Fe 
wire.  Solution  treated  and  quenched  before  extrusion. 
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Figure  23.  Electron  raicrc'graph  of  hydro.stat  ical  Iv  extruded  Al-0.05%  Fe 
wire.  Solution  treated  ind  furnace  cooled  before  extrusion. 
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Figure  24.  Electron  micrograph  of  hydrostatically  extruded  Al-0.5%  Fe 
wire.  Solution  treated  and  quenched  before  extrusion. 


Figure  25.  Electron  micrograph  of  hydrost;  ical ly  extruded  Al-0.5?'  Fe 
wire.  Solution  treated  and  furnaci  cooled  before  extrusion. 
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APPENDIX 

Room  Temperature  Stress-Strain  Curves  of 
Compression  Tests  for  Annealing  Studies 
in  Al-Fe  Alloys. 
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TRUE  PLASTIC  STRAIN 

Figure  A4 . Compression  true  stress-true  strain  curves  .U  room  temperatu 
for  hydrostatically  extruded  Al-0.05%Fe  as  a function  of  annealing  temp 
ature  (2.5  hours  at  temperature).  The  material  was  solution  treated  at 
640“C  and  furnace  cooled  prior  to  hydrostatic  extrusion. 
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All  cion  of  Hyclroatatlc  Kxtrusion  and  Other  Deformatio' 

Models  for  Lhe^  Fabrication  of  Mu]  ti filamentary  Niobium-Tin 
Superconductors  bj/  a Powc^er  Metal  iura'  Approacli 

Glen  Earl  MacCleod 

Presently,  the  most  promising  materials  in  terms  of  superconducting  pro- 
perties are  the  brittle  A-l  5 compounds,  for  example  Mli^Sn.  Therefore,  extensive 
research  is  being  done  in  the  field  of  materials  labricatlon  in  an  effort  to 
move  AIS  superconductors  from  the  study  of  an  exciting  phetiomenon  to  the  realm 
ol  practical  app  1 i cat  i tais  . 

Berkeley  investigators  are  using  hvdrostatic  extrusion  in  their  attempts 
to  develop  viable  processing  techniques  for  superconducting  wire. 

The  following  paper  was  written  hy  Glen  MacCleod  as  partlon  fulfillment 
for  the  Master  of  Science  Degree  in  Mechanical  Engineering  at  Berkeley.  It 
details  Berkeley's  initial  efforts  in  the  fabrication  of  Nb.^Sn  wire  by  tin 
infiltration  of  sintered  niobium  billets. 


This  paper  has  been  edited  to  include  only  those  topics  which  appear 
relevant  to  hydrostatic  extrusion.  We  reproduce  the  paper  here  with  full 
permission  from  Professor  Milton  K.  Pickus. 


AN  INVl’STICATION  OF  HYDROSTATIC  KXTRUSION  AND  OTHER 
DEFORMATION  MODES  FOR  THE  FABRICATION  OF  MULTI  FILAMENTARY 
NIOBIUM-TIN  SUPERCONDUTORS  BY  A POWDER  METALLURGY  APPROACH 


Glen  Earl  MacCleod 
(M.S.  Thesis,  U.C.  Berkeley) 


June,  1977 
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Materials  and  Molecular  Research  Division 
Lawrence  Kerkeley  Laborarory 
and 

Department  of  Mechanical  Enginc?ering 
University  of  California 
Berkeley,  California  9A720 


ABSTRACT 

Various  aspects  of  a powder  metallurgy  afiproath  to  fabricate  filamentary 
niobium-tin  superconducting  wire  were  investigated  . Difficulties  occured 
due  to  Jack  of  complete  tin  infiltration  of  the  sintered  niobium  rod,  forma- 
tion of  intermetal  1 ics  during  infiltration,  and  both  cladding  and  core 
Iracture  during  mechanical  reduction.  The  Influence  of  sintering  time, 
infiltration  temperature,  and  deformation  mode  was  Investigated.  Progress 
is  reported  on  the  clarification  of  the  role  of  several  of  the  important 
process  parameters. 
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INTRODUCTION 


In  1911,  H.  KamerlinKh  Onnes  observed  that  mercury  lost  all  electrical 
resistance  at  4.2'’iC.  This  phenomenon  became  known  as  superconductivity.  Dur- 
ing the  next  fifty  years,  little  research  was  done  in  the  area  of  superconductivity 

because  no  known  superconductors  liad  practical  application.  Then  in  1961, 

2 

Kunzler,  et  al.,  discovered  that  Nb.^Sn  remained  superconductive  in  high 
magnetic  fields  - the  first  superconductor  found  to  do  so. 

Extensive  work  has  since  been  done  in  the  area  of  superconductor  fabrica- 
tion. Many  of  the  high  field  superconductors,  particuarly  those  having  the 
A15  structure,  like  Nb^Sn,  are  inherently  brittle  and  must  be  subjected  to 

special  fabricating  processes  to  make  them  useable.  Neither  the  Bell  Telephone 

2 3 

process  or  the  General  Electric  tape  process  , two  of  the  first  successful 

fabrication  processes  developed,  produced  multifilamentary  conductors. 

A 

Mill t i f 1 lamentary  wire  was  developed  by  Tachikawa  in  Japan  in  1967,  and 
has  since  been  studied  extensively  in  this  country  by  Suenage , et  al.,^’*^  work- 
ing at  Brookliave  National  Laboratory.  Tachikawa's  original  process  and  its 
modifications  have  become  known  as  the  "bronze  process".  Tlie  bronze  process 


lias  found  commercial  acceptance  due  to  the  relative  flexibility  and  intrinsic 
stability  of  the  wire.  This  stability  is  due  to  the  mul ti f ilamentary  morphology 
of  the  wire  and  is  described  by  Wilson,  et  al.^ 

At  the  Lawrence  Berkeley  Laboratory,  mul ti f ilamentary  Nb^Sn  superconduct- 
ing rape  and  wire  have  been  made  using  a unique  powder  metallurgy  approach  to 
fabrication.^  Babu,^  Garrett,**^  and  Hemachalam^^  have  optimized  the  process 
parameters  and  characterized  tlie  resulting  tape.  Since  mul ti f 1 lamentary  tape 
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is  less  stable  than  mul t i f i lamentary  wire,  the  tape  process  was  modified  to 
produce  wire.  llemachalam' was  able  to  fabricate  Nb^Sn  superconducting  wire  that 
had  a higher  current  elensilv  at  high  tields  than  commercially  available  wire. 
Hemachalam  bt-gui  with  0.19  in.  rods  and  was  only  able  to  make  20  foot  lengths. 

t)ne  objective  of  this  work  was  to  scale  up  the  existing  powder 
metallurgy  process  in  order  to  make  long  lengths  of  Nb.^Sn  superconducting  wire 
(a  few  hundred  feet).  Tlie  ability  to  make  long  lengths  of  wire  would  demonstrate 
the  practical  feasibility  of  the  process  and  with  long  lengths  of  wire  a super- 
conducting solenoid  could  be  made  and  tested. 

It  was  originally  envisioned  that  the  powder  metallurgy  process  could  be 
directly  scaled  up  by  simply  increasing  the  billet  diameter  (the  billet  length 
is  fixed  due  to  the  furnace  geometry)  and  leaving  other  process  parameters  the 
same.  However,  core  itnd  cladding  fracture  during  wire  drawing  have  now  indicated 
that  tile  process  parami'ters  must  be  re-evaluated. 

i'he  eifects  of  sintering  time  and  infiltration  temperature  were  investigated. 
Hydrostatic  extrusion  was  used  as  an  alternative  to  form  rolling  and  wire  drawing. 
Ihe  nominal  diameters  of  the  infiltrated  cores  employed  in  this  work  were  1/2  in. 
and  J/4  in.  as  contrasted  with  the  3/16  in.  cores  used  by  Hemachalam. 

EXPERI MENTAL  PROCEDURE 

Processing  j5f  _the^  Wire 

Tile  powder  metallurgy  process  requires  six  steps  to  go  from  a powder  to 
the  final  superconducting  wire.  Tiiese  steps  are:  1)  isostatic  compaction  of 
tile  niobium  powder  to  impart  tlie  required  porosity  and  green  strength;  2)  sinter- 
ing of  tlie  niobium  rod  to  give  it  strengtii  and  ductility;  3)  infiltration  of  tiie 
rod  with  tin,  tliereliy  tilling  tlie  pores  with  an  inter-connected  network  of  tin; 
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't)  tlaJclin^  ot  thi'  rmi  to  (acilitate  mechanical  deformation;  5)  mechanical 
reduction  ol  the  rod  to  [)roduce  a mu  1 1 i f i lamen ta ry  structure  of  tin  in  the 
niobium,  and  b)  diflusion  treatment  to  form  Nb^Sn  filaments.  A schematic  of 
tile  process  is  sliown  in  Fig.  1. 

Niobium  powder  was  i sos ta t ical ly  compacted  in  rubber  tubes  to  pressures 
of  from  25  ksi  to  50  ksi.  A minimum  pressure  was  required  to  give  the  compact 
adequate  green  strength.  Porositv  of  the  green  compact  was  controlled  by  the 
compaction  pressure  (Fig.  2). 

Oreen  compacts  were  vacuum  sintered  at  2200°C  to  2300“C  for  5 min.  to 

-5 

40  min.  ,iL  a pri'ssure  ot  10  mm  lip,,  and  then  t liey  were  infiltrated  with  tin  at 
300“0  to  ySO^O  for  10  seconds.  Both  sintering  and  tin  infiltration  were 
carried  out  in  an  Abar  furnace. 

On  all  but  a few  specimens,  cladding  was  used  to  facilitate  mechanical 
deformation  and  maintain  integrity  of  the  infiltrated  rod.  Monel,  bronze 
(92%  Cu,  8%  Sn),  or  OFHC  Cu  was  used  as  the  cladding  material.  An  intermediate 
sheath  of  tantalum  prevented  reaction  between  the  cladding  and  the  infiltrated 
tin.  Tantalum  or  niobium  could  not  be  used  as  cladding  naterial  since  they 
tend  to  gall  on  the  dies. 

The  primary  modi's  of  deformation  were  wire  dr.iwing  and  hydrostatic 
e.\truslon.  Form  rolling  was  required  on  billets  larger  than  0.34  in.  diameter 
since  this  was  the  largest  size  that  could  be  wire  drawn  on  the  available  equip- 
ment. Swaging  was  used  to  initially  Impart  good  mechanical  bonding  between 
the  core  and  claddings  and  to  point  the  wire  for  drawing.  Hydrostatic  extrustion 
was  performed  on  a 250,000  psi  0.750  in.  bore  machine  located  at  Stanford 
University,  Department  of  Materials  Science  and  Engineering.  Figure  3 shows 
the  hydrt. static  extrusion  machine  from  the  rear  along  the  projectile  barrier. 
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the  iximpiiijt  station,  and  the  protective  screen  around  the  control  panel.  Fi  j-ure 


4 is  a side  view  of  the  machine  with  the  water  cooling  system  attached. 

Compression  rests  were  made  on  various  cladding  materials,  niobium 
(hotli  wrought  and  from  [)owder)  and  Nb-.Sn  as-infiltrated  compacts  for  estimating 
m.iteri.il  flow  stresses  at  hydrostatic  extrusion  strain  rates. 

RKSULTS  AND  DISCUSSION 

tlompact  Processing 

Initial  attempts  to  ilirectlv  scale  up  the  powder  metallurgy  process  for 
making  Nb.jSn  superconducting  wire  using  Hemachalam' s parameters  were  unsuccessful. 
|,■onsee|uent  ly , the  inlluence  of  powder  size,  compaction  pressure,  sintering  time, 
iiid  infiltration  temperature  was  evah  itcd.  Niobium  powder  of  -270  mesh  from 
Wah  Chang  was  used.  The  grein  porosity  as  a function  powder  size  fraction  and 
lompaction  pressure  is  shown  in  Fig.  2.  An  isostatic  compaction  pressure  of 
0 ksi  gave  adequate  porosity  along  with  the  required  green  strength.  Sintering 
temperatures  of  2250  and  2300°C  appeared  to  be  satisfactory.  Infiltration 
temperatures  of  700°C  and  750‘’C  were  found  to  cause  the  formation  of  Nb.Sn  . 

D j 

Rods  that  h.ive  been  infiltrated  at  iliese  temperatures  tended  to  fracture  at  the 

early  st.iges  of  wire  drawing.  Rods  iiililtrated  at  lower  temperatures  did  not 

always  wet  complctelv  which  resulted  in  areas  that  were  void  of  tin.  To  resolve 

this  problem,  the  sintered  rod  was  preheated  to  bOC’C  and  infiltrated  with  tin 

at  b00‘’C.  The  result  was  a completely  infiltrated  rod  with  no  Nb.Sn.  present, 

b 5 

provided  that  the  tin  bath  was  reasonably  clean. 

Besides  core  fracturing  encountered  during  wire  drawing,  cladding  fracture 
also  occurred.  Annealed  monel  was  used  as  cladding  for  wire  drawn  rods  since 
Hemachalam  had  the  most  success  with  it  in  his  work.  During  form  rolling, 
wliich  was  required  for  the  initial  size  reduction,  the  cladding  was  subjected  to 
large  altern.iting  strains.  This  plastic  cycling  of  the  monel  usually  resulted  in 


Che  eventual  fracture  of  tlie  cladding,  either  in  the  last  stages  of  form 
rolling  or  during  Che  pointing  of  ttie  wire  on  the  swaging  machine.  To 
circumvent  live  problem  of  sleevk'  fracture  two  tods,  one  0.19  in.  diameter  and 


tile  otliiT  0.A5  in.  iliameter,  were  deformed  without  cladding.  Ttie  exposed  tin 
on  the  surface  of  tlie  rods  both  prevented  galling  and  acted  as  an  excellent 
lubricant.  i he  drtiwin;’  force  ap[)eared  to  be  much  less  for  these  unclad  rods 
than  for  clad  rods.  The  0.19  in.  diameter  rod  was  reduced  in  area  by  a factor 
of  90  and  still  had  tin  remaining  in  it.  The  0.45  in.  diameter  rod  was  reduced 
ii,  area  hv  a lactor  of  SOO  and  had  no  tin  remaining.  The  Lin  apparently  squeezed 
out  of  the  rod  on  the  up  stream  side  of  the  die.  It  was  therefore  deemed 
necessary  to  have  cladding  to  prevent  tin  squeeze  out  during  wire  drawing  at 
higher  reductions. 

Hydrostatic  Hxt  rusion 

Because  of  the  ditficulties  encountered  with  wire  drawing,  hydrostatic 
extrusion  was  tried  as  .in  alternate  method  of  mechanical  reduction.  Hydrostatic 
extrusion  of  Nb,jSn  wire  and  NbTi  wire  have  been  reported  in  references  13  and  14. 
Hvdrostatic  pressure  has  been  shown  to  increase  the  ductility  of  various  materials 
that  are  subjected  to  tension*^^.  An  application  ol  this  finding  was  to  extrude 
materials  under  hydrostatic  pressure;  in  addition  to  increasing  the  ductility  of 
the  material  being  extruded,  hydrostatic  extrusion  eliminates  the  container  wall 


triction  associated  with  conventional  extusion  and  also  provides  for  a certain 
amount  of  lubrication  between  the  billet  and  the  die^^’^^. 

Hydrostatic  extrusion  was  initially  attempted  on  two  0.5  in  diameter 
as-infiltrated  rods  (No.  1 and  2,  Table  1),  and  a 0.625  in.  diameter  sintered 
Nh  rod  (No.  1,  Tal)le  1).  In  these  first  extrusions  billet  design  was  somewhat 
arbitrary  and  both  core  instability  and  cladding  fracture  were  encountered. 


Rather  than  proceeding  blindly  to  determine  under  what  conditions  a successful 
extrusion  could  be  made,  B.  Avitzur*^’*^  was  consulted  because  he  had  done  much 
work  in  the  area  of  how  process  parameters  .iffect  both  wire  drawing  and  hydro- 
static extrusion.  he  has  also  determined  under  what  conditions  successful 
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roextrusions  can  be  m.ide  ’ . Recently,  Avitzur  has  developed  a computer 

code  based  on  theoretical  analysis  to  determine  acceptable  core  to  sleeve 
diameter  ratios  and  acceptable  reductions  to  prevent  core  or  sleeve  fracture 
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liven  the  die  angle,  I low  stress  ratios,  .and  billet-die  friction  coefficient 

To  determine  the  flow  stresses  for  the  vtirious  materials  that  were  extruded 

compression  tests  were  maile  at  different  strain  rates.  Flow  stress  versus 

str.iin  rate  was  plotted  on  a log-log  graph  (Fig.  5),  since  most  metals  follow 

ni  2 3 

the  relationship  o.=  U f where  o and  m are  constants  . In  this  wav,  the 
too 

I low  stress  at  strain  ratics  encountered  during  extrusion  can  be  extrapolated. 
Based  on  information  given  by  tlie  code  a fourth  billet  was  designed  and  extruded 
(No.  A,  Table  1).  A comparison  between  Nos.  T and  4 is  made  in  Fig.  6.  The 
results  seem  t(j  cornespond  well  to  Avitz.ur's  predictions  since  the  process 
p.irameters  of  No.  3 were  within  the  core  instability  or  fracture  region  given 
by  his  computer  code  and  No.  4 was  not. 

.Since  billet  No.  4 extruded  successfully,  five  more  billets  (Nos.  5 
through  9)  were  either  made  or  modified  to  conform  to  Avitzur's  criteria. 

Figures  7 and  8 are  photographs  of  billets  Nos.  5 and  8 before  their  first 
i-xtrusion  pass.  Figure  9 is  a photograph  of  billet  No.  8 after  its  first  pass, 
and  Fig.  10  shows  it  made  into  .i  billet  for  a second  reduction.  The  billets 
had  mild  steel  plugs  .it  t lii'  ends  so  that  the  extrusion  would  stall  out  prior 
to  reaching  the  end  of  the  billet.  Billet  No.  6 virtually  exploded  out  of  the 
machine  in  many  pieces  (Fig.  11),  and  billett  No.  9 did  not  extrude  at  a 94'/ 
n'ductlon  in  area,  and  the  machine  broke  down  when  a reduction  of  88%  was  tried. 
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Billets  Nos.  5,7  .ind  H ext  riided  wltli  uniform  cores  on  the  first  reduction  an  no 
.sleeve  fractures  except  for  billet  No.  5 pass  d (Fips  1 2 , 1 d and  15).  During  this 
extrusion,  the  Nb-Sn  core  appeared  to  have  pulled  the  monel  in  tension  and 
fractured  it.  This  was  attribvited  to  the  relatively  high  cladding  to  core  flow 
stress  ratio  .ind  tliercfore  monel  is  not  recommended  for  use  as  cladding  material. 

The  second  extrusion  of  billet  No.  8 resulted  in  a fractured  product  (Fig.  14). 
Photomicrographs  of  the  Nb-Sn  cores  of  billets  Nos.  5 and  8 after  a 69%  and  77% 
reduction,  respectively,  reveals  a fairly  uniform  dispersion  of  Sn  filaments 
(Figs.  15  and  16).  At  a total  n-duction  in  area  of  95%  for  billet  No.  8 fissures 

f 

appeared  towards  tlie  centerline  of  the  core  and  oriented  themselves  approximately  1 

45°  to  the  core  axis  (Fig.  17).  Also,  it  was  observed  that  tin  tends  to  flow 

into  these  fissures.  A similar  observation  was  made  for  billet  No.  7 (Fig.  18). 

It  seems  plausible  that  this  tin  segregation  may  have  resulted  from  pressure 

differentials  between  interconnec ted  pores  due  to  the  low  flow  stress  of  tin 

particularly  in  the  liquid  state  (all  tlie  extrusions  of  Nb-Sn  showed  evidence 

of  tin  melting  despite  water  cooling  of  the  extrusion  product  during  deformation). 
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bending  support  to  this  explanation  for  the  tin  segregating:  Rogers,  et  al . has 

determined  stress  solutions  for  sheet  drawing  by  slip-line  analysis  wdiich  reveals 

a hydrostatic  compression  component  near  the  dies  but  a hydrostatic  tensile 

component  at  the  centerline  of  the  siieel.  Altltough  Roger's  data  cannot  be 

25 

directly  related  to  axisymmetrlc  extrusion,  Lambert  and  Kobayashi  have  demonstrated 
similar  trends  for  axisymmetrlc  extrusion.  An  as-infiltrated  rod  wire  drawn  to  a 
total  reduction  in  area  of  91%  exliibits  the  same  segregation  of  tin  to  the  center 
of  the  rod  (Figs.  19  and  20). 

f.ONCLUSlONS 

1.  Increasing  tlie  diameter  of  infiltrated  compacts  to  produce  long  lengths 
of  mill  t i f I lamentary  Nb  ^Sn  wire  as  suggested  by  ilemachalam  proved  to  be  more 
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difficult  than  expected.  Re-evaJ uat ion  and  ret inement  of  the  process  parameters 
has  been  made  but  more  work  in  this  area  is  required. 


j 

2.  The  optimum  temperature  for  tin  infiltration  now  appears  to  be  bOO‘’C 
provided  that  the  sintered  rod  is  preheated  to  600'’('  prior  to  infiltration.  This 
procedure  wilt  ensure  proper  wetting  of  the  niobium  rod  re.sulting  in  complete 
infiltration  and  will  prevent  the  formation  of  the  brittle  Nb  Sn  phase. 

b 3 

Form  rolling  pri<'r  to  wire  drawing  usually  results  in  cladding  failure. 

A larger  .and  more  sophisticated  draw  bench  would  eliminate  the  need  for  form  | 

ro 1 1 Ing.  ! 

J 

! 

4.  Rediution  in  areas  of  up  to  80%  could  be  achieved  by  hydrostatic  extrusion  | 

I 

without  apparent  damage  to  the  infiltrated  core.  ! 

i 

5.  It  appears  desirable  to  maintain  the  ratio  of  the  cladding  flow  stress  i 

1 

i 

to  core  flow  stress  close  to  or  less  than  1. 
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Figure  1. 
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Green  porosity  vs.  isostatlc  compaction  pressure  for 
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Figure  6.  Comparison  of  billet  designed  to  Avitzur's  criterion; 
bottom,  to  that  not  designed  to  his  criterion. 
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igure 


Figure  11.  Extrusion  of  billet  No. 
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Figure  12.  Extrusion  of  billet  No. 


Figure  13.  Extrusion  of  billet  No. 


Figure  Second  extrusion  of  billet  No. 
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IS.  Lonqitudinal  section  of  billet  No. 


after  a total  reduc- 


t ion  of  95% 
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total  reduction  of  91%. 
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( 3 ) Hy Jr jDs^a 1 1 X t r us ^on  of  52100  Tool  Steel 

David  Bourell 

As  part  of  our  unitial  efforts  to  test  the  hydrostatic  extrusion  machine  and 
dies,  we  extruded  521(K)  tool  steel.  This  was  also  done  in  conjunction  with  our 
program  on  the  mechanical  proces.sing  of  high  carbon  .steels.  These  materials  are 
cold  worked  to  produce  high  dislocation  densities  and  subsequently  annealed  to 
form  fine  subgrains  with  a corresponding  Increase  in  yield  strength. 

Cold  rolling  has  been  the  prominent  method  of  deformation,  but  Intermediate 
anneals  are  required  after  each  introduction  of  about  .4  true  strain.  Hydrostatic 
extrusion  was  suggested  as  an  alternate  mode  of  deformation  which  is  capable  of 
introducing  large  strains  without  Intermediate  annealing.  The  effectiveness  of 
hydrostatic  extrusion  is  shown  in  Figure  1 . The  material  was  successfully  extruded 
to  an  area  reduction  of  60:1  or  true  strain  of  4.12.  We  think  further  reductions 
would  have  been  possible  but  at  that  time  we  were  limited  by  die  availability.  As 
can  be  seen  from  the  photograph,  8 passes  were  required  to  extrude  to  the  full 
reduction . 

Optical  metallography  was  done  and  showed  elongated  ferrite  grains  with  little 
or  no  change  in  cementlte  shape.  Additionally,  no  cracks  were  visible  In  the 
material  after  the  final  reduction  to  60:1, 

As  can  be  seen  from  Figure  2,  the  0.2%  yield  stress  for  the  52100  tool  steel 
continued  to  Increase  with  increasing  strain.  We  can  infer  from  the  graph  that  the 
material  has  not  reached  its  saturation  point  and  more  deformation  will  lead  to 
still  higher  yield  strengths. 
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rleld  stress  after  each  successive  reduction 
L steel.  See  Figure  1. 


( 4)  Residual  Stress  Measure ments  in  Hydrostatically  Extruded  Materials 

Don  Holcomb,  W.  D.  Nix 

We  will  attempt  to  measure  experimentally  the  residual  stresses  in  hydrostatically 
extruded  rods.  These  results  will  then  be  compared  to  the  residual  stresses 
generated  by  the  finite  element  program  developed  by  our  Applied  Mechanics  group. 

It  is  hoped  that  a good  correlation  will  provide  a check  on  the  validity  of  the 
analytical  work. 

Residual  stresses  will  be  measured  by  two  methods.  As  a first  attempt  we  will 
measure  only  the  longitudinal  stresses  that  exist  in  the  material.  Parallel  flats 
will  be  removed  in  small  increments  by  milling  along  the  longitudinal  axis  of 
the  extruded  rod.  After  each  milling,  the  rod  should  undergo  a small  displacement 
in  response  to  a force  inbalance  of  the  residual  stresses.  This  will  be  measured 
as  a strain  using  strain  gages  mounted  on  the  rod.  From  the  profile  of  longitudinal 
strains  vs.  radial  position  on  the  rod  cross-section  we  will  calculate  a longitudinal 
residual  stress  field.  The  other  technique  will  assume  that  both  longitudinal  and 
hoop,  residual  stresses  exist.  The  technique,  known  as  the  Sack's  boring  method, 
measures  the  dimensional  change  of  both  the  diamter  and  length  of  the  rod 
as  the  rod  is  bored  incrementally  to  larger  diameters.  Again  strains  will 

be  monitored  by  strain  gages  mounted  on  the  specimen. 
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(5)  A Fundamental  Study  of  the  Processing,  of  Oxide  Dispersion  Strengthened  Metals 

Paul  Gilman,  W.  D.  Nix 

Recent  studies  have  shown  that  the  high  temperature  mechanical  properties  of 
oxide  dispersion  strengthened  superalloys  depend  on  both  the  oxide  dispersion  and 
the  grain  shape  developed  during  deformation  processing.  It  is  now  established 
that  the  oxide  dispersion  determines  an  upper  limit  of  creep  strength  that  can  be 
approached  only  if  the  grains  are  very  large  and  highly  elongated.  However,  In 
regard  to  the  production  of  homogeneous  oxide  distributions  and  elongated  grain 
structures  in  superalloys,  studies  have  only  produced  certain  empirical  facts  and 
the  current  processing  methods  are  still  largely  guided  by  intuition.  The  overall 
goal  of  this  research  is  to  develop  sufficient  understanding  of  the  mechanisms 
responsible  for  these  desirable  microstructures  so  that  guidelines  might  be 
developed  for  producing  these  technologically  significant  oxide  dispersion  strengthened 
superalloys.  In  this  regard  our  current  research  includes  studies  of  both  mechanical 
alloying,  the  repeated  fracture  and  cold  welding  of  alloy  powders  until  each 
powder  particle  is  of  the  appropriate  alloy  composition,  and  deformation  processing 
of  oxide  dispersion  strengthened  metals. 

Presently,  the  Al-Al^O^  system  is  being  used  to  study  the  controlled  variable 
of  mechanical  alloying  such  as  attritlng  time,  charge  to  ball  ratio  and  the  use 
of  lubricants  and  milling  atmospheres.  We  are  especially  interested  in  how  these 
variables  affect  the  final  alloy  powder  size  and  morphology,  the  subsequent  distri- 
bution of  the  dispersed  oxides  and  the  mechanical  strength  of  the  consolidated  alloy. 
Hopefully  by  mechanical  alloying  the  Al-Al^O^  system  we  will  have  produced  an  ODS 
metal  with  improved  oxide  distribution  and  content  as  well  as  being  easier  to 
consolidate  as  compared  to  contemporary  AI-AI2OJ  alloys. 

In  our  study  of  the  processing  of  oxide  dispersion  strengthened  aluminum  alloys 
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by  mechanical  alloying  the  hydrostatic  extrusion  press  has  been  used  and  will 
continue  to  be  utilized  for  two  main  reasons.  First,  hydrostatic  extrusion  of 
the  mechanical  alloyed  aluminum  will  directionally  work  the  material  while 
simultaneously  assuring  theoretical  density.  This  procedure  closely  simulates  actual 
industrial  methods  of  working  oxide  dispersion  strengthened  alloys.  The  second 
reason  for  hydrostatically  extruding  these  alloys  is  to  make  sufficient  bar 
stock  so  that  subsequent  tensile  test  specimens  can  be  fabricated  and  recrystalliza= 
tlon  experiments  can  be  performed. 
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• THE  AtiALYSIS  OF  STRESS  AND  DEFORMATION  DISTRIBUTIONS  IN  METAL  FORMING 

PROCESSES 

E.  H.  Lee,  R.  L.  Mallett  and  R.  M.  McMeeking 
Division  of  Applied  Mechanics,  Stanford  University 

In  order  to  be  able  to  predict  the  success  of  metal- forming  processes,  it 
is  necessary  to  establish  that  metal-forming  defects,  such  as  the  generation  of 
internal  or  surface  cracks,  of  strain  localizations,  or  of  high  residual  stresses, 
will  not  occur.  This  requires  a complete  stress  and  deformation  analysis  of  the 
work-piece,  including  the  billet  before  it  enters  the  deforming  region  and  the 
product  after  it  leaves  that  region,  since  the  history  of  the  stress  in  an  clement 
of  the  work-piece  is  needed  to  predict  the  initiation  and  growth  of  a fracture 
crack,  and  stresses  in  the  product  constitute  the  residual  stress  distribution. 
Because  the  plastic  strains  generated  in  a nietal-forming  process  are  commonly 
latge  compared  with  the  elastic-strain  components,  rigid-plastic  theory  is  usually 
iipplie.d  in  the  analysis  of  such  processes.  However  the  stress  distribution  can- 
not be  evaluated  in  the-  rigid  regions  becaused  the  compatibility  equations  canno.t 
he  expressed  in  terms  o'  stress.  Tiius  elastic-plastic  tiieory  must  be  adopted  for 
assessment  of  metal-forming  processes  and  this  calls  for  analysis  of  strains 
accurate  to  the  order  of  10  in  the  presence  of  strains  of  the  order  unity. 

In  the  elastic  and  unloaded  regions,  which  can  comprise  most  of  the  work-piece, 
strains  must  be  evaluated  to  the  order  10  in  order  to  determine  stresses  to 
an  accuracy  of  a few  percent.  An  elastic-plastic  finite-element  program  has  been 
developed  on  this  project  to  satisfy  tiie  objectives  already  stated.  An  analysis 
of  the  theory  on  which  the  program  is  based  Ls  given  in  the  contract  report  repro- 
duced ii,  tile  To]  lowing  section.  The  finite  element  relations  are  based  on 
a variational  principal  for  the  velocity  field.  Care  Is  taken  to  Include  the  con- 
vected  and  rotation  terms  In  the  representation  of  the  incremental  elastic-plastic 
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constitutive  ri’lations  wliicli  express  isotropic  hardening  based  on  a measured 
s t ress- s t ra  i n curve.  Th<'  finite  clement  net  is  cliosen  to  maintain  accuracy 
while  i iH'orporat in};  the  eliective  incompressibility  of  the  deformation  when 
lar};e  plastic  flow  doniinati“S  elastic  strain  components. 

Kxtrusion  solutions  have  been  carried  out  for  chamber  extrusion  of  both 
slabs  in  plane  strain  and  axially  symmetric  rods  through  geometrically  smooth 
dit'S  having  continuously  turning  tangent  planes.  Both  frictionless  contact 
between  the  work-piece  and  the  die  and  nonzero  coefficients  of  friction  are 
considered.  Figures  1,  2 and  3 show  three  cases  of  the  distributions  of  longi- 
tudinal stress  in  elements  initially  at  various  lateral  stations  in  the  billet. 

The  distance  from  the  center  plane  or  axis  to  the  station  in  the  billet,  non- 
dimens iona  1 i zed  with  respect  to  the  corresponding  distance  to  the  surface,  is 
indicated  for  each  curve.  bach  Figure  is  for  a reduction  of  area  of  25%  and 
includes  longitudinal  stress  in  ttie  billet  before  it  enters  the  die,  in  the  die 
atul  in  the  i-xtrudati-  .as  indicated.  It  is  seen  that  in  each  case  the  material  near 
the  center  of  the  si  .ah  t)r  rod  experiences  a tensile  peak  of  longitudinal  stress  in 
the  defo rming  re^Hui,  0 • x/a  < 1,2  . The  material  near  the  surface  of  the 
extrudate  has  a peak  in  U'nsile  longitudinal  stress  Just  as  it  leaves  the  die, 
x/a  n l.b.  in  the  product,  x/a  > 3 , there  are  tensile  residual  longitudinal 
stresses  nt^ar  _the^  .siirfacu?  and  comi^ress  ive  residual  longitudinal  stresses  in  the 
i._I^MTt^r  of  the  extrudate  and  intermediate  stresses  at  positions  in  between.  When 
.1  steady  state  has  been  .achieved,  all  stresses  in  the  region  domin.ated  by  it, 
i ■ x/.i  ■ 5 , are  uniform  in  the  longitudinal  or  extrusion  direction,  and,  as 

expected  from  equilibrium  cons i dor.a t ions , t he  longitudinal  direction  is  a principal 
direction  for  stress  in  this  region.  I'he  .aforementioned  tensile  peaks  in  longi- 
tudinal stress  seem  to  be  .assoc  1 .at  I'd  with  the  tendency  for  cracking  to  occur  in 
extrusion.  This  failure  c.in  take  the  form  (if  surface  cracks  formed  on  exit  from 
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the  die  or  central  hurst  in;’  insitle  the  die.  It  lias  been  observed  experimentally 
that  using  less  efficient  lubrication  can  help  to  suppress  central  bursts.  It 
is  perhaps  significant  that  the  internal  tensile  peak  in  longitudinal  stress  in 
the  deforming  region  of  Fig.  2,  0 < x/a  < 1.2  , is  almost  suppressed  for  slab 
extrusion  where  a Coulomb  friction  coefficient  of  0.1  is  used  for  contact 
between  the  metal  and  die.  The  frictionless  rod  extrusion  shown  in  Fig.  3 
Involves  a larger  internal  tensile  peak  of  longitudinal  stress , larger  compressive 
ri'sidual  longitudinal  stress  near  the  center  and  smaller  tensile  residual  longi- 
tudinal stress  near  tiu’  surlace  of  the  product  when  compared  with  frictionless 
slab  extrusion  with  the  same  area  reduction  of  25%. 

A different  situation  occurs  when  the  area  reduction  in  axially  symmetric 
extrusion  is  0.69%  which  is  about  1.5  times  the  yield  strain  in  tension  of  the 
material  considered.  Plasticity  is  confined  to  the  material  near  the  surface 
of  the  billet  and  the  residual  longitudinal  stresses  are  tensile  in  the  center 
of  the  product  and  compressive  near  the  surface.  This  reversal  of  residual 
stress  states  seems  to  offer  the  possibility  of  reducing  residual  stresses  in 
a die  with  a slight  taper  after  the  material  has  passed  through  a die  with  a 
large  area  reduction.  Calculations  of  the  type  presented  offer  the  means  of 
exploring  such  possibilities  analytically. 

Tu('  development,  illustrated  by  the  examples  cited  of  the  feasibility  of 
carryltv;  out  complete  stress  and  deformation  analyses  of  metal  forming  processes, 
offers  great  promise  in  the  application  of  basic  theory  to  improvement  In  the 
design  and  selection  of  operating  characteristics  of  such  processes.  This  approach 
provides  the  opportunity  to  introduce  fracture  criteria  to  assess  the  onset  of 
fracture  in  the  work-piece  since  the  history  of  the  stress  in  each  material 
element  as  it  passes  through  the  process  can  be  determined.  A particularly 
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stTious  i-xtrusiDii  ilctcit  wliii'li  (Mii  bt‘  investigated  in  this  way  is  central  b.rst 
ur  chevron  1 ng , in  wliicli  periodii  tracks  are  generated  across  the  center-line  of 
an  extrii-.ion.  ibis  is  a p.i  r t i en  I i r 1 y dlfficnll  defect  to  detect  since  no  evidence 
()1  its  existt*iu't‘  may  .ipjuMr  t>n  tiie  siiriace  t)i  the  product.  We  have  shown  tiiat  the 
currently  commonly  accepted  tlieory  ot  this  defect  is  unsatisfactory*  , and  that 
application  of  tlie  type  ot  theory  developed  on  tiiis  project  is  needed  for  a 
soundly  based  investigation  of  tlie  phenomenon. 

The  c.i  1 cu  I at  i ons  larried  oiii  so  tar  have  comprised  a progression  of  increasing- 
ly difficult  examples  liailing  towanls  st)lution  of  the  hydrostatic  extrusion  process. 
Most  of  the  problems  liave  been  overcome,  but  we  still  have  to  include  the  influence 
ol  tlie  uneonst  ra  ined  surfiee  of  t lu'  billet  driven  by  fluid  pressure  in  contrast  to 
tonveiition.il  extrusion  in  wliicli  iunt.iet  with  the  cylinder  and  piston  prescribes 
certain  components  ol  i be  motion  ol  the  billet  surf.ice.  When  this  program  is  com- 
|ili*ted  wc  will  be  .ible  to  ditermini'  an.i  1 v I i ea  1 I v and  iti  detail  the  effect  of  hydro- 
,1  itie  extru!,ion  on  prodint  eli.i  r.n  I e r i s i i es  in  eontr.ist  to  conventional  extrusion, 
oir  example  the  iiitlueiui  ol  the  livdrost  a t i i stati'  of  stress  in  tlu‘  billet  on  the 
oliit  ion  ol  pl.ist  ie  I 1 ow  .iiid  the  result  ing  residu.il  stresses.  It  is  expected 
tu.it  Sill  ii  e.il  cul.it  ions  will  gi'iierite  miu'h  greater  confiilence  in  the  seli'Clion  of 
optimum  I'onditions  f Or  iiK't.il  forming  processes. 


b.  H.  I.ee  and  R.  M.  McMeeking,  "dn  a theory  of  central  liurst  or  chevronlng  defects' 
in  drawing  and  extrusion",  SUDAM  Rep.  No.  77-1,  Division  of  Applied  Mechanlc.s, 
Department  of  Mechanical  Engineering,  Stanford  University,  1977.  To  appear  in  the 
Iransactions  of  ASME,  .lotirnal  of  Engineeriiig  for  Industry. 


I >1 


CHAMBER  EXTRUS 


Longitudinal  variation  of  normalized  longitudinal  stress 
at  7 lateral  stations  for  plane  strain  extrusion  with  25% 
thickness  reduction  and  p = 0.1  friction  coefficient. 


1).  niK  BASIS  FOR  AN  K l.ASTIC-IM.ASTIC  CODE* 

E.  H.  Lee,  Stanford  University 


Abstract 

A cf)niplete  st  n-ss-ana  I ysis  of  a met  ul-fon;iing  process  is  necessary  in 
ordi'i  to  assceis  t lie  onset  of  me  t a 1 - f oi  m i n{;  defects  such  as  the  initiation  cif 
iiUenial  or  sorfai-e  crack,  or  t lu'  j’.eneration  of  residual  stresses,  and  tfiis 
demands  elastic-plastic  analysis.  This  report  comprises  comments  on  the  plat:- 
ticity  theory  foriiuil.it  ion  needi-d  for  .1  finite-element  computer  code  designt'd 
fc'r  the  analysis  of  met.il  forming  processes.  J.  R.  Rice  has  pointed  out  the 
importance  of  convection  and  rotation  terms  in  the  definition  of  stress-rate 
lot  inclusion  in  e 1 ast i c-|>  I ast i c constitutive  relations,  and  that  the  develop- 
ment of  unicpieness  and  st.ibility  analysis  by  R.  Hill  provides  a convenient 
vehic  le  fOr  inc  luding  t he.se  effects.  The  development  of  these  concepts  is  des- 
c i lhed  and  how  they  g.encrate  a convenient  variational  \>rinciplc  to  form  the 
basis  of  .111  e 1 .1st  i c-p  1 asi  i c code  to  .nialyze  metal  forming. 


This  report  is  t.iki-n  from  note's  prepared  for  the  Centre  International  des 
ficiencc-s  Hcchanic|ne  Course':  Kii)',  i nee  r i up,  I’l.isticity  II,  arranged  by  Profc'ssor 
l.ippinnin  of  the  Technische  Uii  i vc' t s i t .1 1 Muiichen.  Lecture  notes  of  the  CoiirfC'' 
will  he  piihlished  on  beh.ilf  of  ( I ,srt  by  Spring.c'r  Verlag. 
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1.  Int  rodnct ion 

For  satisfactory  analytical  assessment  of  metal  forming  problems, 
it  is  necessary  to  evaluate  the  varying  stress  distribution  throughout 
the  work-piece  since  forming  defects,  such  as  the  development  of  inter- 
nal cracks,  depend  on  stress  history,  and  residual  stresses  can  be  impor- 
tant in  deciding  the  utilization  of  a formed  part.  Elastic  characteris- 
tics usually  play  an  essential  role  in  the  determination  of  stress,  even 
in  combination  with  extensive,  plastic  flow  which  may  involve  strains  a 
thousand  times  elastic  strain  magnitudes.  Thus  analysis  of  metal 
forming  problems  for  such  assessments  must  be  based  on  elastic-plastic 
theory.  The  same,  is  true  for  other  stress  analysis  problems  when  plas- 
tic flow  occurs,  unless  plastic  flow  is  occurring  simultaneously 
tliroughout  tlie  entire  body  tliroughout  the  duration  of  the  process,  in 
which  case  j)!  aslic.-rigid  analysis  is  adequate. 

Because  plasticity  laws  are  Incremental  in  nature,  they  result  in 
relations  lietween  stress-rate  and  strain-rate,  or  equivalently  in  numeri- 
cal evaluations,  between  stress  and  strain  increments.  For  the  rate- 
independent  1.1WS  usually  .adequate  at  temperatures  low  compared  with  the 
melting  temperature,  linear  relations  bel  -een  stress-rate  and  strafn- 
rate  arise.  Wliiai  pla.stic  flow  is  L.akinj'  place,  the  coefficients  are 
functions  of  the  current  stress  for  the  i-ommon  laws  and  below  the  yield 


stress  the  clastic  laws  apply  in  increment.al  form.  Because  of  the  struc- 
ture of  these  laws,  elastic-plastic  problems  are  commonly  solved  in  terms 
of  equations  for  stress-rates  and  strain-rates,  containing  stresses  as 
coefficients.  Consider  the  solution  to  have  been  computed  up  to  the 
time  t . After  a time  step  forward.  At  , the  solution  for  rates  gives 
the  stress  at  time  t + At  in  the  form  o(t)  + oAt  , and  similarly  for 

other  variables,  o Is  the  appropriate  stress-rate.  Then  a new  time 
step  can  be  taken  and  the  process  repeated. 

»■ 

Extensive  studies  ol  the  application  of  such  laws  to  stability  and 
uniqueness  of  solutions  have  been  made  by  Hill  (see,  for  example  [1],  [2], 

A 

[3J  where  he  shows  that  care  in  the  selection  of  stress  definitions 
and  stress-rate  and  strain-rate  expressions  is  important  for  a satis- 
factory development  of  the  theory.  Rice  [4]  has  pointed  out  that  such 
questions  are  also  important  in  developing  a satisfactory  theoretical 
basis  for  elastic-plastic  stress  analysis,  particularly  in  the  common 
circumstance  that  the  tangent  modulus  in  plastic  flow  is  of  the  order 
of  the  stress.  Convected  and  rotation  terms  then  become  important  in 
the  stress-rat. (■  expresr  on,  and  analogously  stress  variables  should  be 
selected  so  that  the  influence  of  rate  of  deformation  of  the  boundaries 
of  the  body  does  not  complicate  the  variational  principle  commonly  used 
to  replace  the  e(iuilibrinm  equations  for  evaluation  of  solutions.  This 
requirement  can  l)e  acliieved  by  using  the  unsymmctric  nominal  stress 
* 

Numbers  in  s(juire  braclat;.  refei  to  the  bibliography. 
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(Plola-Kirchof f I)  in  which  the  stress  is  defined  as  force  per  unit 
undeformed  area.  The  variational  principle  then  involves  an  integral 
over  the  undeformed  body  which  is  fixed. 

Plastic  flow  is  essentially  a fluid  type  phenomenon  which  can  be 
most  conveniently  expressed  in  terms  of  the  current  configuration  of  the 
material.  Thus  a reference  configuration  which  remains  invariant  through- 
out the  motion  is  not  appropriate  and  so  the  configuration  at  time  t 
is  adopted  as  the  reference  state  for  evaluation  of  the  deformation  from 
t to  t + At  , where  At  is  sufficiently  small  for  adequacy  of  first 
order  theory. 

The  framework  described  above  provides  a satisfactory  foundation 
for  a finite-element  elastic-plastic  code  as  discussed  by  McMeeking  and 
Rice  [5].  In  effect,  by  choosing  the  current  configuration  as  the  refer- 
ence state  the  Cauchy  stress  (or  true  stress  in  Cartesian  coordinates) 
the  unsymmetric  nominal  stress  (Lagrange  or  Piola-Kirchhof f I)  and  the 
symmetric  nominal  stress  (Kirchhoff  or  Piola-Kirchof f II)  all  have  iden- 
tical values  at  the  current  time  which  simplifies  utilization  of  the 
appropriate  stress  for  the  appropriate  component  of  the  calculation. 
Although  the  stress  components  themselves  are  identical,  rates  of  change 
of  the  different  stresses  an-  not  the  same. 

2.  Development  of  the  Theory 

Following  Hill  [2]  and  using  for  the  most  part  his  notation,  we  con- 
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reference  state  had  area  dS  and  unit  normal  , is 


dS  V,  = dF, 
i ij  j 


Hill  considers  (p.  214  of  [2])  rate  or  flow  type  constitutive  laws  of 
the  form 


ij  3 0v^/3X^) 

where  are  rectangular  Cartesian  coordinates  in  the  initial  or  refer- 

ence configuration,  E is  a homogeneous  function  of  degree  two  in  the 

velocity  gradients,  3v./3X,  , and  where  s is  the  partial  time  derl- 

J 1 ij 

vative  at  fixed  X , l.e.  a material  derivative  at  a particle.  The 
velocity  v^(X,t)  gives  the  distribution  at  time  t expressed  in  the 
initial  coordinates  of  the  corresponding  material  points  (note  tliat  a 
tilde  under  a symbol  denotes  a vector  or  tensor  in  absolute  notation). 

O 

Boundary  value  problems  are  considered  in  which  for  a volume  V 
in  the  reference  state,  at  time  t stress  rates  s^^  (X,t)  and  veloci- 
ties v^(X,t)  are  sought  for  prescribed  nominal  traction  rates  F 

O 

over  the  part  of  the  s'  rfnce  S , velocity  v.  over  the  remainder  of 

O ^ 

the  surface  S and  body  force  rates  g.  per  unit  initial  volume. 

V j 

Then  the  variational  principle 


6[  / E dV  - / F.v.dS  - / g.v.dV]  = 0 
O O J J O J j 


in  the  class  of  continuous  differentiable  velocity  fields  satisfying 


the  velocity  boundary  condition  on  S , characterizes  the  solution. 

V ’ 

for  it:  yields  the  equilibrium  equations 
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0 


(4) 


+ g = 


and  the  boundary  traction  rate  condition 


for  nominal  stress,  s^^  , and  the  reference  geometry. 

In  writing  the  elastic-plastic  constitutive  relation,  we  wish  to 
associate  the  velocity  gradient  in  (2)  with  the  rate  of  deformation  or 
velocity  strain: 

3v.  9v. 

“ij  ■ «> 

J 1 

where  are  Cartesian  coordinates  expressing  the  position  of  parti- 

cles in  the  deformed  body 


X.  = X.  (X,t) 
1 i . 


Thus  to  permit  simultaneous  use  of  (3)  and  the  plasticity  laws  expressed 
in  the  usual  form  of  rate  of  deformation  of  the  current  configuration. 
Hill  takes  tlie  current  configuration  to  be  the  reference  state,  and 
hence 


= x.(X,t) 


for  a particular  t . The  theory  is  expressed  in  this  form  for  cvalue 
tion  of  s. . and  v.  and  hence  the  solution  and  configuration  at 

ij  j ^ 

t + At  , which  provides  a new  reference  state,  for  evaluation  of  the 


next  time  step  At  . 
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Note  that  at  the  instant  t , when  the  current  and  reference  con- 


figurations are  identical,  the  nominal  stress  components  s^^  are  equal 
to  the  Cauchy  or  true  stress  components  , so  that  at  this  instant 

is  symmetric. 

The  device  of  selecting  the  configuration  at  time  t to  be  the 

reference  state  for  evaluation  of  the  solution  at  time  t + At  thus 

permits  simultaneous  use  of  the  convenient  variational  principle  (3)  in 

terms  of  nominal  stress  s and  a fixed  geometry  and  the  familiar 

1.1 

plasticity  laws  expressed  in  terms  of  the  Cauchy,-  or  true  stress,  . 

By  working  with  curvilinear  convected  coordinates,  , having  an 

arbitrary  configuration  in  the  reference  or  initial  state,  Hill  ([2], 
p.  219  ff.)  shows  that  the  rate  potential  (2)  follows  from  associated 
rate  potentials  for  other  stresses  and  stress  rate  expressions,  some  of 
which  are  more  convenient  for  representing  elastic-plastic  laws. 

Consider  curvilinear  coordinates  in  the  initial  or  reference 

O 

state  with  base  vector'-  g . After  deformation  as  shown  in  Fig.  1 
these  become  (,  , having  the  same  values  for  the  same  material  par- 

ticles as  ^ . Then  4^^  arc  the  convected  coordinates  and  the  cor- 

O 

responding  base  vectors  are  g ^ , which  arc  g deformed  by  the 

-a'  -a 

motion.  Then  the  Cauchy  stress  tensor  a has  contravariaat  components 
ol'&' 

a in  convected  coordinates  such  that  the  force  dF  transmitted 


across  an  element  of  the  deformed  body  of  area  dS  and  unit  normal 

vector  V ^ is  given  by: 
o 


dF  -■  o”  ^ (v  .dS)g 
a 
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Since  the  primed  coordinates  are  made  evident  by  the  notation  v and  g 
for  normal  and  base  vectors  in  the  deformed  state,  the  primes  will  usu- 
ally be  dropped  hereafter,  for  f;”  = 4*^  denote  the  same  material  point. 

For  the  Lagrange  or  Piola-Kirchhof f I stress,  s . , the  force 

ij 

computed  in  the  reference  frame  is  that  actually  acting  across  the 
deformed  element  (see  Fung  [6]  p.  437  for  the  usual  definition  in 
Cartesian  coordinates) . For  the  present  consideration  of  convected 
coordinates,  the  expression  for  dF  thus  takes  the  form 

dF  = dS)g^  (10) 

For  tlie  Kirchhoff  or  Piola-Kirchhof f II  stress,  r..  , Fung  points  out 
that  the  force  vector  computed  in  the  reference  frame  must  be  transformed 
by  the  motion  to  give  the  actual  force  across  the  deformed  element,  so 
that  for  convected  coordinates 


dF 


ag 


T 


becomes 


dF  = r v^dS)g^ 

Nanson's  relation  for  area  element: 


(11) 


pv  dS  = pv  dS 
a a 


then  gives,  using  (9)  and  (11) 


= P-  = J 

P 


(12) 


(13) 
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where  J is  the  Jacobi.Tii  of  the  transformation  from  the  reference  to 


the  deformed  state,  i.e. 


?a  * §3  ^ !y  = • h 


(lA) 


Fig.  2 shows  the  particular  situation  when  the  ^ coordinates  in 
the  reference  frame  are  Cartesian,  . The  Cartesian  coordinates 

representing  points  in  the  deformed  body  according  to  the  point  trans- 
formation, equ.  (7),  are  . The  usual  definition  of  the  Kirchhoff 

or  Piola-Kirchhof f II  stress  (see  Fung  [6]  p.  439)  is  given  in  terms  of 
this  point  transformation.  From  equ,  (7),  define  the  deformation 
gradient 


F = 


9x 

ax° 


(15) 


Then  the  Piola-K irchhof f II  stress  t is  given  in  terms  of  the  Cauchy 

Q 

stress  in  Cartesian  coordinates  x , o by 

.T 


-i  - J F ^ o F ^ ([7]  p.  125) 


(16) 


where  J = det  (F)  . '' ais  is  in  accord  with  (13)  where  a are  the 

contravariant  components  of  the  Cauchy  stress  with  respect  to  the  con- 
vected  coordinates  X 'J  for  if  are  the  Cartesian  coordinates  of 

o with  respect  to  x , then  the  tensor  change  of  variables  law  gives 


for  the  same  particle,  (7)  also  expresses  the  coordinate  transformation, 
and  (13)  and  (17)  are  seen  to  be  equivalent  to  (16).  This  connection 
has  been  pointed  out  by  Nemat-Nasser  [8].  Note  that  s**^  and  are 

tensor  densities  and  not  absolute  tensors,  so  that  equations  such  as  (2) 
are  not  pure  tensor  relations. 

For  rate  independent  constitutive  relations  the  rate-potential  func- 
tion E in  (2)  is  a homogeneous  function  of  degree  two.  For  the  choice 
that  the  reference  state  is  the  current  state,  (2)  follows  from  the  exis- 
tence of  an  associated  rate  potential  function  F(e  „)  , of  the  strain- 

a6 

rate  components 


h (.y  „ + v„  ) 

a, 8 8,0'^ 


(18) 


where  v is  the  velocity  vector  in  the  deforming  body  and  the  comma 

* oiB 

denotes  covariant  differentiation.  This  function  generates  t through 


•a8  3F 
3e 


a8 


(19) 


where  the  superposed  dot  indicates  time  derivative  of  the  convected  com- 
ponents or  convected  derivative.  This  is  equivalent  to  the  partial  time 
derivative  at  fixed  X , or  a material  type  derivative.  The  structure 
of  (19)  indicates  that  since  t is  a tensor  density,  F is  a scalar 
density  and  not  an  absolute  scalar  Invariant. 

A derivation  of  a relation  needed  in  the  following  analyses  to  estab- 
lish (2)  is  given  in  the  Apperdlx.  It  is  the  relationship  between 
• aB  * ciB 

s and  t , which,  for  the  particular  choice,  of  reference  state 
mentioned,  take;;  the  form 
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(20) 


•a3  -oB  ay  ,,P  . 

S = T + T V 

• y 


Now  from  (19)  aad  (20) 


= 3F/3(e  .)  + 

ap 


,y 


multiplying  both  sides  by  v gives 

p,a 


•oB 

s 


V 

B,a 


3F/3(e  „)le 


+ T 


ay  B 


(21) 


using  (18)  and  the  fact  that  is  symmetric.  Now  ^(^ctB^  ^ 

homogeneous  function  of  degree  two  since  for  plasticity  (19)  is  rate 
independent,  hence  Euler's  theorem  for  homogeneous  functions  permits  us 
to  write  (21)  in  the  form 


•aB 

s V 


B,o 


2f;c  „)  t „ 

aB  ,y  B,a 


(22) 


Again  using  Euler's  theorem,  this  is  consistent  with  (2)  in  terms  of 
convected  coordinates  if 


^,a> 

and 


2E(v  ) = 2F(e  ) + v 

B,a  ctS  ,y  3, a 


(2a) 


(23) 


Equation  (21)  is  a contracted  scalar  relation  based  on  the  tensor 
expression  (20)  and  hence  does  not  validate  the  tensor  relation  (2a) 
or  (2).  It  merely  prescribes  the  form  of  the  rate-potential  function 
E if  such  a function  exists.  Substitution  of  (23)  into  (2a) 
does  yield  (20)  and  hence  e.stabl  i nlies  E as  a homogeneous,  second 
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degree,  rate-potential  function  of  v for  the  nominal  stress  rate 

p »a 

•aB  _ 

A similar  argument  for  the  Cauchy  stress  yields  a trial  poten- 

tial function,  which  however  fails  to  yield  the  correct  expression  for 

• aft 

o from  the  rate-potential  equation.  Hence  a rate  potential  function 
does  not  exist  in  this  case. 

The  laws  of  plasticity  are  normally  obtained  by  measuring  "true 
stress"  and  increments  of  strain  defined  in  terras  of  Cartesian  coordi- 
nates in  the  current  configuration  without  rotations  occurring.  Since 
the  theory  must  apply  in  the  presence  of  rotations,  their  influence 
must  not  affect  the  stress  rate  term  in  the  constitutive  relation,  hence 
a spin-invariant  stress  rate  is  needed,  such  as  the  Jaumann  rate.  We 
will  work  in  terms  of  the  configuration  at  time  t , which  is  the  refer- 
ence configuration,  and  utilize  Cartesian  coordinates  x . 

In  formulating  the  finite  element  theory  for  numerical  analysis  of 
elastic-plastic  problem-,  we  wish  to  use  the  variational  relation  (3) 
in  terms  of  s^^  and  a constitutive  relation  associated  with  (19)  in 
terms  of  since  it  can  be  conveniently  associated  with  measurements 

of  plasticity  laws.  We  have  seen  that  a law  in  the  form  (19)  implies 
the  validity  of  (2)  and  hence  the  variational  principle.  As  pointed 
out  in  [5]  this  structure  in  terms  of  leads  to  symmetric  stiff- 

ness matrices  in  the  finite  element  formulation  which  simplifies  the 
numerical  procedures. 

Nov;  the  relationship  between  the  nominal  stress  s and  the 

c 

Cartesian  true  stress  o is 
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F s = J o 


(24) 


see,  for  example  [7],  p.  125,  where  the  nominal  stress  Is  defined  as  the 
transpose  of  s (or  it  can  be  deduced  from  (9),  (10)  and  (17)).  Taking 
the  material  derivative  of  (24),  and  noting  that  F and  J are  unity 
for  coincident  reference  and  current  configurations,  one  obtains 


3v  av, 

• , i c k . c 

s.  . + s,  . — = o.  . ^ . 

ij  kj  ij  3Xj^  i3 


(25) 


The  difference  between  the  Jaumann  derivative  of  o and  its  material 
derivative  is  the  contribution  of  the  rate  of  rotation  of  the  axes  which 
rotate  with  the  body  according  to  the  anti-symmetric  tensor  angular 
velocity  expression 


3v. 
1 

3x. 

J 


(26) 


where  A denotes  the  anti-symmetric  part.  Using  Jl/J)t  to  denote  the 


Jaumann  derivative,  this  determines  (see  Prager  [9]  p.  155) 


3v 


S)S.  . 

- 8..  = - o.,  , 

®t  ij  ik  3x 


- o 


kj  ax, 


(27) 


Combination  of  (25)  , (27)  and  (6)  gives 


®ij  " ^ -Dt  ^ ^ij  axj^^  ^'^ik^jk  °kj  ’^ik^  °ik  3 


Sv. 


(28) 


Equation  (13)  defines  x " , the  Kirchho.J  stress.  In  terms  of  con- 
vected  coordinates.  Being  a tensor  density,  definition  for  other 
coordinates  is  obtained  by  use  of  (17)  suitably  modified  to  incorporate 
the  density  term  J . We  have  seen  that  experiments  from  which  the  laws 
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of  plasticity  were  deduced  involved  "true  stress"  associated  with 
Cartesian  coordinates  which,  for  plastic  analyses.  Indicates  the  appro- 
priateness of  a Jaumann  time-derivative  associated  with  rotation  of 
rectangular  axes.  Thus  we  need  to  utilize  = J 8^^  to  incorporate 

the  Jaumann  derivative,  and  the  first  term  in  parenthesis  in  (28)  can  be 
written  iDXj^j/Dt  , since  the  derivative  of  the  scalar  density  J is 
unaffected  by  rotation  of  axes,  and  at  time  t the  instantaneous  value 
of  J = 1 . Hill  has  stated  ([2]  p.  222)  that  the  rate  potential  (19) 
implies  a rate  potential  for  the  Jaumann  derivative  of  x^^  , which  pro- 
vides computational  advantages  associated  with  the  use  of  the  Jaumann 
derivative  of  this  stress  variable. 

Thus  (28)  takes  the  form: 


"ij  = TT  - ^°ik°jk  °kj  ^k^  ‘^ik  ir 


Now  combining  (20)  and  (29) 


■ ’ij  "ik  “jk  °ki“ik 


In  view  of  (19)  written  for  initial  Cartesian  coordinates,  with 
F(D^^)  homogeneous  of  second  order  in  the  strain  rates,  multiplication 
of  (30)  by  1)..  and  using  Euler's  theorem  gives 

--1  . 21-  + (31) 

* Cl  B 

which  analogously  to  (21)  for  s provides  a trial  rate-potential 
function 

G = F + o.  D. .0  (32) 

ik  ij  jk  ' 
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assimlng  Euler's  theorem.  In  a manner  similar  to  that  presented  for 
•aB 


a third  rate-potential  function  is  thus  established: 


®t 


iG 

3D 


IJ 


(33) 


The  classical  elastic-plastic  isotropically  work  hardening  law 
(Prandtl-Reuss) , commonly  giving  strain-rate  as  a linear  function  of 
stress-rate,  can  be  inverted  to  give  stress-rate  and  takes  the  form 
([5]  p.  606) 


^ = — 16..  5.,  + « 6 


Bt 


i1  ^kl  ^ 1-K>  ' 


•jC  ^ c 

3a . , o 


1+v  ^ ik  jl  l-2v  ij  kl  252.4 

i+v'' 


1 D, 


kl 


(34) 


where  E and  v are  Young's  modulus  and  Poisson's  ratio,  a'  denotes 
stress  deviator,  o is  the  current  tensile  yield  stress  and  h the 
current  gradient  of  the  true-stress  logarithmic  plastic  strain  curve  in 
a tension  test.  The  Jauraann  derivative  is  used  for  stress-rate  as  men- 
tioned above  in  order  to  eliminate  rotation  effects,  and  the  last  terra 
in  the  brackets  is  dropped  when  the  Increment  of  deformation  is  elastic. 
We  have  shown  that  there  is  a rate-potential  function  G for  , 

Q 

but  not  one  for  a^^  . This  means  [5]  that  a non-symmetric  finite- 

element  stiffness  matrix  would  be  deduced  using  (34).  Replacing 
c c 

a^j  by  in  the  stress-rate  term  would  yield  a symmetric  stiffness 

Tnatrix  which  would  simplify  the  numerical  analysis.  Moreover  such  a 
change  is  appropriate  in  terms  of  its  representation  of  the  physical 
laws.  The  J terra  in 


ij 


J o 


Ij 


(35) 
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arises  in  more  accurate  representation  of  the  laws  of  elasticity  than 

t 

Hooke's  law  used  in  classical  elasticity.  It  is  associated  with  geo- 
metrical non-linearity  which  expresses  the  non-linear  influence  of 
finite  strain.  In  effect  it  expresses  the  fact  that  energy  density  per 
unit  initial  volume  yields  a simpler  energy  conservation  statement,  for 
per  unit  current  volume  implies  change  of  energy  density  simply  because 
the  amount  of  material  containing  it  changes.  For  example,  the  term 
(p/p^)  appearing  in  equation  (26)  of  [10]  is  equivalent  to  replacing 
a by  Jo  , and  it  was  pointed  out  in  that  paper  (p.  935)  that  such  a 
term  provides  a good  approximation  to  non-linear  elasticity  of  metals 
with  input  of  only  the  two  classical  elastic  constants.  A similar 
modification  of  the  classical  laws  of  plasticity  was  suggested  in  [11] 
where  it  was  found  compelling  to  express  the  yield  stress  in  terms  of 
Jo  (equs.  (33)  and  (3A)  of  [11]).  Again  this  was  based  on  the  require- 
ments of  geometrical  non-linearity,  which  of  course  are  Independent  of 
specific  material  characteristics. 

Introduction  of  (2)  into  the  variational  principle  (3)  expresses 
it  in  the  form 


8v . 


f s,.  6(-— L)  dV  - 6(/  f v.dS  + f i.v.dV)  = 0 

o ij  o j J o J J 

V Sj,  V 


(36) 


which,  since  the  reference  state  is  the  current  state  (X  = x)  can  be 
written 


3v. 


/ s.,  6(-*^)dV  - 6(;  F.v.dS  + /g.v.dV)  = 0 


ij  3x 


J J 


J J 


(37) 


Sub.st Itut ion  of  (29)  and  applying  algebraic  manipulation  based  on 
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symmetries  then  yields  the  variational  principle  in  the  form  (see  equ. 

(5)  of  [5]) 
c 


-6(/  F.v  dS  + /g  v.dV)  =>  0 
S 3 J V J ^ 
r 


(38) 


where  the  subscript  ,i  denotes  the  operation  3/3x^  , Now  utilizing 
(33),  the  principle  takes  the  form  (see  equ.  (15)  of  [5]). 


6(  / G(D)  dV  - /o.  .(2D^,D  . - V,  v,  .)dV 

„ ,,  ij  ik  kj  k,i  k.j 


“ / F.v.dS  - /g.v  dV]  = 0 
S J 3 V 3 3 
F 


(39) 


By  (33),  and  using  Euler's  theorem 


3^G 


D = P D 


3)t  3D  3D.  .3D,  , kl  ijkl  kl 
ij  Ij  kl 


(40) 


since  3G/3D.  . is  homogeneous  of  first  degree  in  D , hence  ,P  , is 

’ ijkl 

symmetric  in  ij  ^ kl  as  well  as  i j and  k -»-+  1 . Since  G 


is  homogeneous  of  second  degree 
G(D)  = % D. 


c 

‘j)t  “ij 


(41) 


The  symmetry  implicit  in  the  variational  principles  (38)  and  (39)  with 
(40)  and  (4J.)  imply  symmetric  stiffness  matrices  which  carry  through 
to  the  finite-element  formulation  [5]. 

3.  Discussion 

As  discussed  by  Rico  [4]  and  McMeeklng  and  Rice  [5],  the  develop- 
ment reviewed  in  these  notes  brings  out  the  importance  of  convection 


li 

i I 

li 
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effects  and  appropriate  stress-rate  definitions  in  formulating  elastic- 
plastic  theory.  Thus  the  precise  analysis  of  continuum  theory  vast  be 
applied  to  obtain  reliable  results.  Conunon  small  strain  assumptions 
are  not  valid  even  for  Incremental  theory  based  on  small  strain  incre- 
ments. This  situation  is  implicit  in  comparison  of  the  first  and 
second  terms  in  the  first  volume  Integral  in  the  variational  principle 
(38).  In  plastic  flow  the  coefficient  of  6D  in  the  first  term  is 
” hD  , where  h is  the  gradient  of  the  tensile  stress-plastic  strain 
curve,  whereas  the  second  term  is  ~ aD6D  . The  second  term  and  the 

difference  between  the  Jaumann  derivative  and  other  simpler  time  deri- 
vatives can  only  be  neglected  if  h >>  o . The  relative  error  in 
neglecting  such  terms  is  effectively  independent  of  the  magnitude  of 
the  strain  Increment  adopted,  so  that  small  steps  do  not  permit  simpli- 
fication in  this  regard.  For  many  metals  h ~ o . 

It  is  interesting  to  note  that  the  complications  which  arise  in 
elastic-plastic  analysis  result  from  the  elastic  component  of  strain. 


and  not  the  plastic.  For  stress  and  strain  deviators,  elastic-ideally 


plastic  deformation  witli  a Mises  yield  condition,  J 
satisfies 


o'  /2 

ij 


where  X is  a parameter.  Multiplication  of  (A2)  by  o'^  gives 


A • '2^2 


For  isotropic  work  hardening  with  a Mises  yield  condition,  (42)  takes 
the  form 
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The  first  terms  on  the  right  hand  sides  of  (42)  and  (44)  are  the  elastic 
strain  rate  components.  Thus  rigid-ideally  plastic  theory  ((42)  with 
the  a term  deleted)  gives  a relation  between  stress  and  velocity  gra- 
dient with  no  complications  due  to  a stress  rate  term,  which  greatly 
simplifies  the  analysis,  apart  from  the  difficulty  of  determining  the 
rigid  regions.  Similarly  for  work  hardening  rigid-plastic  analysis 
((44)  with  the  o term  deleted),  only  the  rate  of  change  of  a stress 
invariant  occurs,  which  is  simpler  to  include  than  a tensor  rate.  For 
elastic-plastic  theory  it  is  the  elastic  term  which  introduces  stress- 
rate  and  the  consequent  complications. 

Many  technologically  important  metal-forming  problems  are  steady 
state  processes  in  which  ® planning  to  use  an  ana- 

lysis of  the  type  considered  here  to  evaluate  such  situations,  it  is 

fortunate  that  the  stress-rate  terms  appearing  in  the  variational 

• ^ 

principle,  s^^  , or  ®T^j/3)t  , do  not  approach  zero  in  the  steady  case, 
hence  singular  computational  conditions  need  not  be  anticipated.  This 
is  not  the  case  in  some  simpler  and  inadequate  approaches  to  this  prob- 
lem in  which  sufficient  care  was  not  devoted  to  the  appropriate  choice 
of  stress-rate  definition. 

On  the  basis  of  the  theory  described,  a finite-element  program 
has  been  written  to  evaluate  stress  and  deformation  histories  in  an 
extrusion  problem.  The  case  of  a billet  being  pushed  through  a die 
until  a steady-state  configuration  was  reached  has  been  completed. 


143. 


1 

The  stress  field  exhibits  features  which  are  consistent  with  the  known 
development  of  extrusion  defects,  such  as  the  appearance  of  surface 
cracks. 
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6.  Appendix 

For  simplicity,  relations  are  developed  for  Cartesian  axes  in 
the  reference  state  which  is  instantaneously  coincident  with  the 
current  state.  The  general  theory  for  convected  coordinates  carries 
through  in  a similar  manner  but  can  be  technically  much  more  involved. 
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Equations  (16)  and  (24)  yield  the  relation. 


T 

■c  F = s 


Material  differentiation  of  this  relation  gives 


(Al) 


T F + T F = s 


and  for  the  special  reference  configuration 


• ^^i  ^''l  • • ^ 3v. 

F=l,  F = — , hence  = +t. 
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